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I. INTRODUOTION 


Public water-mupply eystens in the State of Florida served in 
1960 3,320,000 inhabitants with an average daily consumption of 530 
millions of gallons, Of that total population 98.6 per cent were 
served with vater secured fron groundavater sources, Of the average 
daily consumption 94.3 per cent was obtained from groundavater suppliss. 
Ground water wes also used in Florida to supply 100 per cent of the 
domestic rural veter consurption with an average of 86 millions of 


gallons per day. (HacKichan and Kammerer, 1961, pp. 13-15). In total 


Alb thLMons of gallons of water were tthdreim dn 1960 from ground 
water bearing formations 4n the State, The above Sigures Andleste the 
simificance of groundauter supplies and resources in the State of 
Florida, 


2+ S- Conover (1961, Pps 1-2) has stated: 


"The need for broader appreciation, evaluation and 
nanagenent of our ground~vater resources is becoming rore 
evident every day. 


"4 «4 The flow in stroams is such that veter fron a 
Jarge area can be gaged at a single location, Surface reservoirs 
‘2lso can be gaged at a single location. 


"\. «« Though stream channels are not simple conduits, 
they can be easily mapped and measured, The sane is not true 
with aquifers... « Therefore, aquifers are not easily mapped. 
However, they mist be mapped, their water-bearing characteristics 
determined, and their hydrologic reginen evaluated before 
decisions can be made as to optimm development and managenent 

of the ground-water resource over = long period of tine. 


=e 
‘The water-bearing characteristics of an aquifer are defined by 
the aquifer constants: permeability and storage coefficlent. The 
determination of aquifer constants 4s, therefore, one of the most 
important factors in the development of a source of ground-water supply. 
Permeability and storage coefficient are best determined by field 
tests in which the lowering of the water level at any point in the 
vieinities of @ pumping voll 1s correlated with its pumping rate, the 
‘tine elapsed since pumping began and the distance from that point to the 
‘pumping well. The non-equilibrium formula developed by Theis (1935, 
PPe 519-52) expresses the relation among the lowering of the water 
‘level (drawiown) in a water-bearing formation, the time factor, the 
rate of pumping, and the tw aquifer constants in which w are inter. 
ested: the storage coefficient and the transtesthility, The trans 
mlocibility of an aquifer Le equal to Ate horizontal permeability 
tines the thickness of the aquifer. 
‘The development by Theis of his non-equilibrium formila in 1935 
was a major advancement in ground-water hydrology. However, the 
Aivect mmerical solution of the formila vas not feasible; therefore, 
‘several graphical methods have since been developed for its solution. 
Je Cy Jaeger (1959, pps 516-564) proposed a method for the 
determination of the tranmlesttility and the storage coefficient 
based on an easy monerical solution of the nonaequilibriun forma. 
Later, Garcia Bengochea (1960, 83 pps) evaluated Jaeger's method with 


revala 
‘field data, and established a procedure to determine both aquifer 
constants by the use of the numerical solution proposed by Jaeger. 


TI. score 


‘The purpose of thin paper is te study the possibilities of the 
determination of aquifer constants by the application of the Jaeger 
method to water level observations in the pumping well. If that 4o 
Proven to be possible, aquifer constants could be much nore easily 
caleulated than with other existing methods. 

‘The determination of aquifer constants is presently being made 
‘by the application of graphical methods developed after Theis non 
equilibriun forma, These methods are used with water level data 
collected fron one or nore observation or satellite wells located at 
adequate distances fron another well which ds pumped at a certain rate, 
Tt 4s therefore necessary to have a pumping well and one or several 
satellite wells in which careful moasurenents of the ater level are 
nade, If no observation well is available, existing graphical methods 
do not give reliable results, Only the transcissitility can be safely 
determined with then by using the recovery data plotted as a residual 
Grawiom curve (Briggs, 1962, ps6) (Skibiteke, 1958). 

The method proposed by Jaeger (1959, pp 561-564) rakes use of the 
ratio of the values of the drawiome obtained from an observation well 
@uring a pumping test at any tw tines, and a table or eraph mathenat- 
cally computed from the theory of the non-equilibrium formula, Ths 
method has been evaluated (Garcia Bengochea, 1960, 83 pn) xith date 


Biss 
obtained also in satellite wells fron four different pumping tests. 
Conclusion from that evaluation indicated that the Jaeger method was 
not subject to the possible inaccuracies of the existing graphleal 
ethod and also that it showed the reliability of the values obteined. 
The applicability of the Jaeger method to determine aquifer con 
stants utilising water level observations in the pumping well has beon 
evaluated in this paper with remlts obtained aleo from four different 
Pumping tests, In the firet two tests the method was applied with data 
collected by the writer from pumping tests performed long before thie 
application was being considered, Results obteined by the use of water 
level observations in the pumping well vere compared ith those calew 
ated with observations in the satellite wells. Experience from these 
first tw applications vas employed to program data collection for a 
new purping test in which water levels were recorded toth at the pusping 
well and at an observation well, Results computed from data collected 
fron both wells were again compared. Finally another pumping test vas 
performed in a locality where no nearby satellite well was available. 
Romulte from this last test have been also evaluated. 

Pumping tests from vhich data have been applied and results 
evaluated in this work are chown in Table I, That table also shows the 
Pumping rate during each test, the distance to the observation well, 
and the condition of the aquifer, 


‘TABLE I 


PUMPING TESTS FROM WEIGH DATA HAVE 


Pumping Distance to Condition 
Rate Satellite Well of 

Location of Test = foot Aquifer 

Acneducte de Marianso 

La Habana, Cuba 4,980 98 Water Table 

Well No. 13, 

Gia, Corvecera 

de las Antillas 

La Habana, Cuba 1,280 502 Water Table 

Well Yo. 2 

City of Fort Pierce 

Florida, U.S.A, 400 100 Artesian 
‘Test Well No. 10a 

Gity of Leosturg 

Florida, UsSeA. 1,250 ° Artesian 


Well Wo. 12 


TIL, BBFINITIONS OF TERS. 


The following definitions should facilitate the understanding 
of the succeeding chapters. 

Aguifer. Ground water occurs in permeable formations mow as 
aquifers, that is, geologic formations having structures that permit 
appreciable ssounte of water to nove through then under ordinary field 
conditions, Ground eter reservoir and yatercbearing formation are 
commonly used synonyms (Todd, 1959, pel5)« 

Aouifer under Artesian Condition, Ground water in an aquifer 
is under artesian condition if the aquifer is overlain by a confining 
bed of impervious material and the water level in a tightly cased well 
penetrating the aquifer rises stove the totton of the confining beds 
‘The surface formed ty contouring oF connecting the helghts of the water 
level in tightly cased wells tapping the aquifer is an imaginary 
Pressure surface standing above the body of the aquifer and consequently 
receives the name of piesometric surface (Ferris, 1949, p 216). 

Aquifor under Viaterstoble Condition, An aquifer is said to be 
under waterteble conditions when the top of the aquifer Se a surfs 
exposed to the soil atnogphere, This surface is called "xaterstable! 


and although the term "plezonetric surface" can be applied also to the 
water-table surface, the reverse is not true (Ferris, 1949, pe216). 
Aguiclude. In contradistinction to an aquifer, an aquiclude is 


‘i impermeable formation which may contain sone enont of water bit is 
Incapable of transnitting siguificant water quantities: clay for 
Anstance (Todd, 1959, pel5)s 

Aawifuge, An impermeable formation neither containing nor trans 
nitting mter, like solid granite, is called an amuifuge (Todd, 1959, 
B15). 

Drawlowm. When well is purped, water 4s renoved fron the 
aquifer surrounding the well and the water table or plevonetric surface, 
depending upon the type of aquifer, is lowered. The drawlowm at a given 
Point 4s the vertical distance the vater level Se lowered (Todd, 1959, 
Bal). 

Hifoctive Radius, The "Effective Radius of a Well" 4s defined as 
that distance, measured radially fron the axis of the well, at wich the 
‘theoretical draiiown based on the logarithale head distribution equals 
tho actual drawiown just outside the screen or well (Jacob, 1947s 
1048), 

Laalage Coefficient, Or "Leakance," may be defined as the rate 
of flow which crosses a unit area of the interface betwen the main 
aquifer and its somteonfining bed, 4f the difference between the head 
in the main aquifer and in that one supplying leakage 4s uty (Hantush, 
1956, P6702), Tt te actually the coefficient of vertical permeability 
of the senipermeatie confining bed divided by ite thcimesss 

Eemesbility. The permeability of a formation, rock or soil, 
with reqpect to water is its capacity for transmitting ater under 
pressure. This capacity can be quantitatively defined as the rate of 
discharge of water through a unit cross-section area of the formation 


ais 
perpendicular to the direction of flow if the hydraulic gradient is 
100 per cont (Meinser, 1923, ptt). 

Porneability is ususlly expressed, and it has also been defined 


by Meinser (Stearns, 1928, pell8), as the rate of flow of water, in 


gallons per day, through a cross-sectional area of 1 square foot under 
a hydraulic gradient of 100 per cent at a temperature of 60 degrees 
Fahrenheit. 

Recovery. It is the vertical distance the water level rises in 
2 will or An a formation immediately after and produced by stopping the 
flow fron a nearby wll or welles 

Specific Yield. The specific yield of a formation is defined as 
the quantity of water yielded by gravity drainage from saturated water 
material, and it is expressed as a percentage of the total volune of 


the material drained (Ferris, 1949, p 210). 
Storage Gooffictent. Storage coafficient is defined as the 


volume of water that an aquifer releases from storage per unit surfa 


area of aquifer per unit change in the component of head normal to that 
surface (Todd, 1959, pe31), In other words, it is the anount of rater, 
expressed as a decinal fraction of unity, that is released from storage 
from a vertical colum of the aquifer of a unit horizontal cross-section 
‘when the plezonetric head on that colum drops one unit head. 
ranmissibility, The term coefficient of transmlesitility, or 
just transmissibility es it 4s comonly used, was introduced by Thels 
(1935, p 520) with the development of his non-equilibrium forme, It 
4s defined as the rate of flow of water in gallons per day through a 
vertical strip of the aquifer 1 foot wide and extending ite $11 


-10- 
saturated height under a hydraulic gradient of 100 per cent (Ferris, 
1947, 206). Actually the term "at a temperature of 60 degrees 
Fahrenheit" should be added to the definition as water viscosity changes 
with temperature, tut for practical purposes this last part could be 
neglected, as the prevailing temperature in the aquifer water is alwys 
assumed, : 

From the comparison of the definitions of permeability and trans 
miscibility we can see that both terms express the capacity of a forma 
tion for transiting water, It 4s also easily som that the trans 
mHesltility is equal to the permeability miltiplied by the M1 
seturated height of the aquifer, assuming of course that both factors 
are exprenzed in the sane systen of unite. 


TV. FUNDAMENTAL THEORY 


Hagen (1839, pp. 423-lii2) and Poiseuille (1646, p. 439) were 
the first to study the law of flow through capillary tubes. They found 
‘that the rate of flow is proportional to the hydraulic gradient. 

Later Darcy (1856) verified this observation and denonstrated 
Ate appMosbility to water percolating through the capillary inter 
stices of filter sands. Darcy expressed this law by means of the 
formla 


An widen 

"yH As the velocity of the water through 2 column of permeable 
saterial, 

"1! Ae the length of the colum, 

"i" Ae the difference in head at the ends of the colum, and 

"PY de a constant that depends on the character of the material, 
‘especially on the size and arrangenents of the grains, 

Ast 10 usally more essential to determine the quantity of 
water flowing through a cortain cross-section of permeable material 
than to determine the velocity through the material, Darcy's law is 
‘then expressed as: 

Q= PIA 


-k- 
An vite 

"gt ds the rate of flow of water discharged, 

"PH dp the sane constant previously defined and also called 
permeability, 

"I" de the hydraulic gradient, and 

"AY 4s the crossaectional area through viich the water flows. 


‘This formla serves as 2 basis for determining the quantities 


of ground water that percolate from areas of recharge to areas of dis 
charge, and consequently 1t Le used for determining the safe yield of 
‘underground reservoirs (Weneel, 1942, pp» 3). 

An important step of progress in ground-vater hydrology vas made 
by Theis (1935, pps 519-524) with the development of the non-equilitrius 


1s the relation anong drawiow, tine, transxlosi- 


formila which expres: 
bAldty, and storage coefficient, The development of the formila was 
‘based on the asmumption that Darcy's law is anslogous to the law of the 
flow of heat ty conduction and thus the mathesatical theory of heat 
conduction is largely applicable to hydraulic theory. 

Sone years after Thee! developnent of the non-equilibrium 
formila, Jacob (1940, pps 574-586) denonstrated the derivation of that 
formila using strictly hydraulic concepts. 

‘The nonequilibriun formila 4s the final equation for the draw 
dom of the water level in the vicinity of a discharging will, a2 
developed from an equation expressing the changes in temperature due 
to & type of source, that is analogous to a recharging or dischareing 
well under certain conditions. It is expressed 


mide: 


semyes [PS ox w 
San 


Yo" Ae the draviow in feot at any point in the vicinity of a 
well dscharging at 2 uniform rate, 
do the rate of flow discharged by « well in gallons per 


mimte, 

°7" 4s the tranmisaitility of the aquifer in gallons per day 
per foot, 

a" 4s equal to ages @ 

ty" 4s the distance of the discharge vell to the point of obser 
‘vation in fost, 

9" As the storage conffictent of the aquifer expressed as & 
decimal fraction, and 

"tM" 4s the tine the wll has been purped in days 


ene 
ze 
4s not directly integrable, it is symbolically written as W(u), and it 


As usually called the "well function of u." However, ts value can be 


computed by the followdng series: 


wade fa ee 


eer eS aa 
spas = anew + 3 "Ey + Boy = Bay oD 


= ube 

Values of W(x) for values of u between 1075 and 9.9 are given 
‘by published tables (Wensel, 1942, p. 89) end are also graphically - 
given in Figures 1, 2, and 3. 

‘The nonequllibriu forma ie based on the following assup~ 
‘thons (Wenzel, 1942, pp. 87-88): 3 

1s = Tho watersbearing formation 1s homgineous and Asotroptey 


2, = The formation has an indefinite areal extent, 


3s = The discharge well penetrates the entire thicimess of the 
formation, 

ty, = The tranmlestbility 4s constant at all places and at all 
times, 


Se The discharge well has an infinitesinsl dianeter, and 


6, = Water taken from storage by the decline in water level 1s 
drained Anstantanoously with the decline 4n head, 

‘These assumptions are vory seldom net in the field, but it te 
‘often true that these deviations are enall enough so that the non 
equilibrium forma can be applied. However, the closer field con- 
@Sthons accomplish these requirements, the better results x11 be ob 
‘tained with that formla, 

‘the forma can be used 4n tw ways, If the transmissibility 
ad the storage ovefficlent are inom, the drawiow can be computed for 
any tine and at any point of the aquifer affected by the will, If the 
Grewiows are known, the transmissibility and the storage coefficient 
can be computed. If the drawlowms are Inow, both constants can be 
computed from the drawown curve of one well or from the dravtioms that 
are observed at any one time in a Line of wells (Wenzel, 1942, Pe 88)+ 
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As the transniselbility 7 appears tiiee in the equation, once in 
the argunent of the function and again as a divisor of the exponential 
Antegral, the formila cannot be solved directly for T and $ vhen the 
drawloms are inom, Therefore, investigators have developed several 
graphical methods for the solution of this formila and are explained in 
‘the following chapter. 

‘Two of the most common and significant deviations met under field 
‘conditions are: (1) that the aquifer may not have areal extent Large 
‘enough to be considered as of indefinite extent, and (2) that the 
aquifer 4g replenished ty vertical leakage through overlying or under 
Lying semtpermeatile confining beds. 

In order to meet the firet type of departure, the non-equilitriun 
formmla can be modified for use in locations vhere the pumped aquifer is 
adjacent to another formation having a considerably different trans 
miscibility, Stallman (1952, 5 pps) has developed such rodification by 
an application of the image well theory. 

The second departure and the most comon in Florida is that of 
an elastic artesian aquifer vhich is recharged by vertical leakage fron 
overlying or underlying confining beds, Generally, the confining beds 
only retard the vertical flow of ground water rather than prevent ite 

Leaky-aquifer problens were first analyzed in detailed by Clee 
(1930) and later on by Steggewents and Van Nes (1929, Ppe 561-562)» 
tty Jacob (1946, pps 198-205), by Hantush and Jacob (1954, pp. 917-936; 
1955» pps 95-100) and by Hantush (1956, pps 702714). Very recently 
cooper (1963) has developed "Type Curves for Nonsteady Radial Flow in 
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an Infinite Leaky Aquifer" by which the tranonissitility and storage 
coefficient of a leaky artesian aquifer snd the leakage coefficient of 
‘te confining bed may be determined by a graphical method which will be 
‘also explained in Chapter VII. 


Ve SUMMARY OF EXISTING METHODS OF DETERMINING CONSTANTS OF AQUIFERS 
WITH No VERTICAL LEAKAGE 


We have seen from the previous chapter that the non-equilibriun 
formila can be used for the determination of the transnlesitility and 
the storage coefficient of an aquifer when the drawiowns An a well at 
different tine intervals or the drawiows in a line of wells at any 
specified tine are now. We have also seen that, because of the nature 
of that formila, it cannot be solved directly for T and S hen the draw. 
dome at any point or points and at different tine intervals or at any 
specific tine are inom. 

In order to overcone this difficulty, several graphical methods 
have been devised by different investigators. These are 

Theis method (Wenzel, 1942, pps 88-89), 

Cooper and Jacob method (Cooper and Jacob, 1946, pps 526-534), 
also "Straight-Line" or "Semtlog-Flot" rethod and 

Ghow method (Chow, 1952, Pp 287=H04). 

In general, these nothods can be used sith drewloms obtained in 
an observation well at different tine intervals after punping 1s 
started An a naln well, wth the recovery of an observation well after 
pumping has been stopped, and also with the drawioms in a Mine of ob 
servation wells et any tine interval after pumping has been started in 
the main well. 


a= 


Se 

Jn actual Meld practice the first two methods, with dranioms 
obtained An an observation well at different tine intervals after 
pumping has been started, are the nost comonly used. Therefore, and 
for the sake of simplification, these procedures are the ones to be 
used in this work and are explained below 

Thole Nothod. when the trensniesitélity and the storage 
coefiictent are to be deterined from the draieoine Sn an observation 
well, the logaritin of the draow 4s plotted against the logersthn 
of the reciprocal of the tine since pumping began (s against 2). r2 
the formation ses entirely honogenoous and the water vas dLscharged 
Anotantancourly wth the fell 4n water level, all points so plotted 
would fell on a smooth curve, The curve s determined is @ sogeent of 
the type curve produced by Plotting the logarithn of the value of the 
integral W(u), ageinst the logarithm of the value u, This last 
Plotting is shown in Figures 1, 2, and 3. 

The last statement can be easily seen if Equations (1) and (2), 
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‘The bracksts enclose all the terms that are constant, The 
sinilarity of the form exhibited by Equations (4) and (5) should 
suggest that, 1f ve Amore the bracketed coefficients, which are cone 
stants, the term W(u) will vary with the term u in the same manner as 
8 will vary vith (Brow, 1953, pps 852-853). 

Therefore, if the observed drewown values in the observation 
wil are plotted on transparent paper against 2 to a logartthete scale 
the sane as that used for plotting the type curve (Figures 1, 2, and 3), 
‘the observed curve can be fitted to the type eurve An only one positions 
‘Then, from this fit, the value of W(u) and the corresponding value of u 
may be deternined fron the type curve for any selected point on the 
graph, wfch can be used 4n conjunction with the observed values for 
that point to determine the transtesibility T and the sterage coof- 
Fickent $ (Wensol, 1942, pps 88:89). The selected point 4s usally 
ealled the natch point." 

‘The transmissibility is then computed by the forma 


t= BEES yy) 3) 
and the storage coséficient 4s computed by 
s=2it, m 
1.67r° 


‘Bquations (6) and (7) are obtained from Equations (1a) and (2) 
solving for T and 8, 


Grover and Jacob Method. A second form of solution was developed 
‘by Cooper and Jacob (1946, pps 526-534). They noted that vhen u is 
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STIG = Inu tu = Boy 
4s equivalent without any appreciable error to 
Wu) = = 0.5772 = new (3) 
As thoy expressed Equations (1) and (1a) in the teste English 


(3a) 


units, that is, in feet, eubie fect per second, cuble feet per second 
er foot, and seconds, Equation (12) can be rewritten: 


ae G 005772 = tne) co) 
and 
s Qe) 
substituting r 
us (2a) 
ve have 
te 
re 1m yosete 72 
or 
ee co) 


Bquation (6) can also be rewittent 


s= BRIS (og, t - ree) @) 
The only variatles in this equation are the draiown 2 and the 
‘ine ts As we are at a certain observation will, r 4s constants 
Careful, observation of Bquation (9) wil show that 4t represents 
the equation of a straight ne like 


¥ = aGme) 
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4n which the slope of the straight-line plot is represented ty the 
quantity on the outside of the bracket and the intercept of the straight 
ine on the sero-dreiiown line is represented by the second term without 
the brackets. 

As T is the only unlnow in the qumntity representing the slope, 
the coefficient of transmissibility is readily determined fron 2 cent= 
logarithmic plot of observed data by equating the slope of the plot with 
the corresponding quantity in Bquation (9) and solving for 7. 

After T 4s determined, the only unknown remaining in the tera 
representing the intercept will be 5, Then, the storage coefficient 
can be computed by equating the intercept of the plot with the corres 
ponding term, and solving for S. 

Bquating the quantity outaide the brackets in Equation (9) swith 
‘the slope of the graph we have 
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If Equation (10) 4s solved for T and for convenience log. ¢ is 
made the unity by having 4t represent one logarithmic cycle, then 


tee (cr) 


Bmuating the second tem in the bracket in Equation (9) with the 
Antercopt of the straight line on the serosdrawiow line, and solving 
for the storage cocffictent, we have 


s= ad (a2) 
Yr 


whore t, is the value of t at the intercept. 


mass 

In oquations (11) and (12), T 4s the transulssibility emressed 
4m cable fest per second por foot, Q is the well discharge in cubic feot 
per second, as ic the change in drawiow in feet for one log cycle of 
tin seconds, ris the distance in fect from the pumping well to the 
satellite well, and t, is the value of t in seconds at the intercept of 
the straight Line with the sero-drawiom lines 

With the units most comonly used in field practice the above 


‘equations are expressed: 


t= Be (ua) 
end 
s shit zit (aza) 
= 
in shich 


‘TAs the trenamssitility in gallons per day per foot (epd/f*), 

Q 4s the dlecharge or pumping flow rate from the well in gallons 
per minute (ep), 

4s is the change in drawiow in feet of the straight line for 

one Logaritintle cycle of + An minutes, 

ft, 49 the value of # 4n minutos at the intercept of the straight 
“Une wlth the sero drawiow ine and 

Fis the distance in feet fron the purping well to the satellite 


In this method 4t may be seen from Equation (Ja) that 4f u is 
‘Less than 0,01 
Wie) = = 0.5772 = Inn (3) 


‘th on error of less than 1 per cents 


Ae 

‘The time-drawiow plotting or time-drawiow graph, as it is also 
mully celled, wil be straight nes only whore #12 anal ao that w 
se mall, A neseuresent of drawiow that 1s male too soon after the 
atacnarge 40 begun will not plot on the straight 2ine, bat on a curve 
angoptatis to ts 

Tare are sone other factorey bestdess that divert the data 
collected from plotting in a straight Lines Anong those factora are 
partially delayed dlocharge of water in storage with the decline An 
heed, reaching areas of recharge, and boundary effects. These last 


factors affect not only tho straightness of the plotted line in this 


sothod but aloo the snootiness of the Thels curve 

Brow (1953; pp» 864866) has clearly indicated the impermeable~ 
varrier or toundary effect and the recharge effect on the dravion test 
data plots 

Walton (1960, ps 22) has thoroughly discussed the application 
and Unitation of those two nethods, especially of the straight-line 
nathod, ond he statost Miowver, the straight-line nethod 1s not 
applicabie 4n sono cases and it supplenents, rather than supersedesy 
‘the more complicated type-curve method" (Theis method). 

Sooper and Sxcob Mathod sith Moditheation by Lehman, The most 
serious orror in the determination of aquifer constants wth the 
sstraight-Line," "Soxilog-Plot" or Cooper and Jacob nethod 4s in the 
determination of the storage coefficients This error is eased by the 


Anaccuracy in finding the intercept of the straight Line with the line 
of sero drawiown. This inaccuracy is eqpectally great in those cases 
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of high tranenissitility and therefore of a flat slope in the straight 
ine. In these cases a slight change in the slope of the Line best 
atapted to the plot may lead to errors of one or mre cycles in the 
‘time scale, Each eycle of deviation in the tine 


cale wll represent 
a value for the storage coefficient ten tines greater or muller in 
accordance with the ttn of the deviations 

A nvthod hae boen developed by Lohnan (1957, 6 pps) for deter 
mining the coefficient of storage from straight-line plots without 
extrapolation. In the caso of straightaline plote of drawiowns "a" 
‘versus logyot or logyat/r", the storage coefficient § can be calculated 
ty the expression: 

tye 


“wel 


s 3) 


‘which in units commonly used in field practice beconest 


tye 
s = Mbt at (a0) 


S 4s the storage coefficient expressed as fraction of unity, 
TAs the trensniesitility in gallons per day per footy 
Fis the distance in feat tron the pumping well to the point of 
water-level observation, 
+ Ae the tine in mimtes of any point conveniently chosen on 
the straight Une plot, 
2 4s the corresponding dravdown in fest of the point chosen for te 
Te should be pointed out that the negative sign in the bracketed 
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‘tem reflects the fact that drawiow increases with time, Thus in 
uations (13) or (13a) shen substituting for as, which ds the change 
An drawlow over one logarithmic oycle of t, the munerical value should 
‘be prefixed with a mins sign to identity properly the negative slope 
of the straight Line plot, The tw negative signs then combine to make 
the bracketed term positives 

‘The development of equation (13) was made by Lehnan (1957s Pe 3) 
‘based on work by Jacob and Lohman (1952, ps 567) using the straight 
‘line method and ite baste equation (6). 


VE. JABGER METHOD 


Js Gy Jaeger (1959, pps 561-564) has proposed this new nethod 


for the determination of aquifer constants: transmissibility and 


storage coefficient, based again in the analogy between heat conduction 


‘and ground vater flov, What he has, in effect, proposed is a practical 
mumerical solution for the Theis non-equilibrium formulas 


here 


In hie paper Jaeger states: 


"one of the most satisfactory methods of measuring the 
thermal conductivity of powlers consists of heating a long 
straight wire end measuring the tenperature variation at @ 
point come distence from it, similarly, the properties of an 
aquifer may be reasured by pumping from @ vell and measuring 
‘the drawdown at a second vell, In toth cases the theory is 
‘that of a continuous line source in radial flow (Carslaw and 
Jaeger, 1959, pe 261) and a simple theoretical solution is 
‘available, In the hydrological case, reduction of the results 
fy done (Srom, 1953, pp 644-866) elthor by 2 process of curve 
fitting (Theis method) or by the use of the logarithmic asym 
tote of the theoretical solution (Cooper and Jacob method); in 
conduction of heat, the latter method has always been exployed: 
in both eases it implies thet relatively long times mst be 
used and 4t dose not provide a very accurate value for the 
coefficient of storage or, in the thermal case, the diffusivity. 


" ‘The method of reduction desoribed below is avail 
able for ali tines, and the writer has found it particularly 
Useful for Reasurenonte of thermal conductivity: it is set out 
here in case it may also be useful in that context." 


‘The nonequilitriun forma can be written: 


a= BYEI Wu) a) 
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‘Then ve haver 


vce = aE) >) 
= on577e = tne U4S042S , Antes | GaerAESY? cu) 


As stated in Chapter IV, values of W(u) for values of u between 


10°45 and 9.9 are given by published tables (Wensel, 1942, p. 89) and 
are cleo graphloally given in Figures 1, 2, and 3. 

The method suggested 4s as follows: "lot t, be any convenient 
time and let N be any number (in practice N is conveniently taken to 
tbe 2); then Sf e(t,) and allt) are the values of the drawiown at tines 
ty md Migs At follows from Bquations (11) and (2) that" 


es 
any _ * {=| 
ep et ow 
Bae (ee 
Tt, 
tore s(tit,) / o(t,) Le know experinentally ani so 
(1.87r78/Mit,) can be read from a table or graph of Wu) / W(tix)." 
This last paragraph oan be sore easily understood Af Bquation 
Qa) ds rewritten: 
ee) 
= oer eT 
ices 
tt, 
remenbering of course that W(u) is the well function of u, which 


corresponds to the drasiow a(iit,)+ 
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Then, wth the value obtained experimentally for s(iit,)/2(ty) 
we enter 0 table or graph of W(u)/t(tiu) vs. wusing the sane value for 
Wlayi(te) as s(Kt,)/a(t,), as fron Bouation (25) 


w(ta) 


Entering such a table or graph with thet value, ve obtain the u 
value that corresponds to o(lit,). With the value of u so obtained ve 
can get the corresponding value of W(u) from a W(u) vs. u table (Wenzel, 
1952, ps 89) or from a W(u) ve. u graph such as those shown in Figures 1, 
2, and 36 

With the value of W(u) the tranmissibility T can be computed 
from Equation 6 

p= BEES Wu) (8) 

ding feria the wala ot slit) 

nce T hae been computed, the storage coefficient § is obtained 
from Equation (7) 


=e 
er 2) 


using of course for t, the value of Mt. 
W(u)/w(2a) 
values of u between 1 x 10715 and 1,2 that correspond to W(u)/W(2a) 


1» graphs have boon drawn by this weiter for 


‘values betwoen 1.0208 to 6.0. These graphs are show on Figures 'ty 5, 
and 6, 


wl 


fue of W(a)/W(2u) for Values of u betwaon 2210" 


ues of Hu)/¥(2u) for Values of w between 2210°7 to Ixt0? 


Sane 

It can be very easily soon that wth the Jaeger method it is 
possible to obtain one value for the transslesibtlity T and one value 
for the storage coefficient S for each pair of drawioms s(Wtty) and 
8(t,) corresponding to t, and Migs t, being any tine after purping 
ogens In actual practice N is umally taken as 2 and therefore, it 
4s possible to obtain one value for T and § for each pair of drawiowns 
corresponding to any pair of tine values wich hold the relation of 
12 

Theoretically, the method suggests that vith very short periods 
of pumping, even with only sone few minutes, both aquifer constants can 
bbe easily determined, Thie would hold true Af the aqiifer would Sule 
1121 all the asmumptions on which the nonwequilibriun formila is bared, 

In practice, however, aquifers deviate fron the mentioned 
asourptions. In many cases this deviation 4s mall, and some tine 
after pumping has started the method can be applied with reliable 
remite. In other cases, a longer period of tine is needed, and still, 
4m sone other cases this initial period has not bem yet completed sen 
other devistions fron the general assumptions or sone other factors 
affect the results obteined. 

As nay be easily understood, those deviations are not @ 
deficiency of the proposed method or of the nonwequilibriua formia but 
rather are the effect of the complexity of the aquifer. The sane 
difficulties are present, of course, vith the other tw methods, How 
ever, their presence isnot so easily identifiable as with the Jaeger 
nethod, and not to have a clear knowledge of the presence of those 
factore 4s quite dangerous, as it may lead to the use of value without 


=H. 
consideration of its worth or Limitations, 

‘The procedure developed by Garcia Bengochea (1960, ps 39) for 
‘the application of the Jaeger method gives a clear pleture of the 
reliability ad deviations of the values so obtained for toth aquifer 
constants, This holds true even for the unexperienced observer and 
‘under rather complex aquifer conditions. 

lihen aquifer conditions closely resentle the assumptions of the 
non-equilibrium formla, the proposed method is fast and accurate 


Under these conditions the writer thinks that it 4s also somexhat nore 
reliable than the other two methods because the observer does not 
depend on graphical solutions. Although sone graphs are also used 
with this procedure for the apploation of the Jaeger nethod, thay are 
used as an aid for the computing work that is purely aumerical, and 
also, as an sid to express the results obtained. 

‘The procedure developed by Garcia Bengochea (1960, ps 39) is 
‘as follows: 

a With the drawiown data collected fron the observation wll 
2 Matural Tine-Drawiown Graph” 1s dram by plotting on natural paper 
‘the observed drawiowns against the tine since pumping vas startod, 
‘This graph is an aid for the application of the method and can be sub- 
stituted by a tabulation of the observed drawows fron @ vater Level 
recorder chart or from direct observations taken at the tine intervals 
Andieated in paragraph be 

be A tabulation 4s then prepared as that show in Table IT in 
which the method 4s applied for different small tine intervals. In 
‘able IT twenty-ninute tine intervals have been used. The drawiowns 


JAEGER METHOD COMPUTATIONS FOR UIFFERENT TIME INTERVALS 
DRAWDOW DATA FROM SATELLITE WELL ¥ 


‘TABLE IE 


AGUBDUCTO DE MARIANO, CUBA 


PUMPING TEST OF WELL 13 


a 2 7 
nin fect 2 a cs 3 
prames g 
22 13x20 1.59 19,00,000 0.019 
2 
wo 2 aa x2ct 17h 14,000,000 0,024 
wo 1 
2 9.5 x10 1,86 10,200,000 0,029 
1 
we 2 962x107? 1,90 8,280,000 0,035 
160 2 960 x10" 1.92 —74120,000 9.039 
loo 2 . 
go 2 9.9 x10" 1,83 5,900,000 04045 
2ho 2 dix 10? 1.7% — §4010,000 0.051 
wo 1 ¢ 
zo 2 12x10? 1,66 310,000 04055 
10 1 
m2 ug x20 1.59 3,760,000 04060 
et 
360 2 aez x10 1.66 3,620,000 0,060 
200 1 
woo 2 2st x 10° 1,52 3,080,000 0,067 
20 2 
to 2 15 x102 1446 —-24750,000 0,070 
2401 4 
igo 2 1.6x 107% 2.4. 24890,000 04073 
= 
mo 2 1s6 x10 81 2,350,000 0.075 
0 
560 2 16x10 1,41 2,220,000 0,076 
0 
02 1.7 x10 1.38 24,050,000 0,080 
go ol a 
so 2 1.6 x10? 1,41 2,030,000 0,080 
a 2 1.6 x10" 1,41 1,960,000 0,082 
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TABLE IT - Contimed 


. 
a Wu) gpd/foot s 


ott 
Hy 


26x17 14a 1,890,000 0,083, 
16x10 2441 1,830,000 0,085 
15x10 1,46 1,850,000 04085 
at x10 1,52 1,880,000 0.085 
2.3x107 1459 1,920,000 0,084 
19x10 1459 1,870,000 0,086 
12x10 1,66 1,910,000 0.08% 
a2x1077 1,66 1,850,000 0,085 
Lek x10 1474 1,930,000 0,083, 
140x107 1,82 1,970,000 0,082 
967 x10? 1485 1,970,000 04082 
9.3 x 10°? 1489 1,970,000 0,082 
9.2 x10* 1,90 1,950,000 0,082 
87x10? 2.95 1,970,000 0,081 
85x10? 1.97 1,950,000 0,082 


8.5 x10"? 1.97 1,920,000 0,083 


0,594 1.446 8.2 x10"? 2,00 1,920,000 0,082 
0,603 ski2 B41 x 10"? 2,02 1,910,000 0,083 


O11 2697 769 x 107 2,04 2,910,000 0,083, 


SED HOH S HOP SHORES EY PSH HUHRHDHD POH 
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‘TABLE I = Continued 


9 = 4960 em = 984 foot 
pe BEAM) - EE x EO 2 UE) « 57,009 HAD 


ts a ee ait 
eit wenoneeisane aia) 0 
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for the third column are obtained from the natural tinedrawow graph 
or fron a drawiown tabulation as indicated in paragraph a, The values 
of u are obtained by entering 1th the o/s, value a table or graph that 
ives Wa)/W(2u) ve. a. Figures |, 5, and 6 show ouch a graphs Then 
‘the values of W(u) are found from a W(u) vs. u table (Wenzel, 1942, 

pe 89) or from a W(u) vee u graph as that show An Figures 1, 25 and 3 
Once the values of u and W(u) are known, T and S are easily computed 
vith Bquations (6) and (7) of Chapter 6 

es If the obsorver vishes to have a better view of the various 
romilts so obtained, another graph 42 dram by plotting on natural 
poper the values found for T and $ against the tine since pumping vas 
started, Figure 7 shows the tw curves obtained using the values of T 
and § given in Table IT, 

The Alfferences anong the values found for T and $ during the 
first 600 minutes (10 hours) of pumping clearly show that some assump- 
‘Hon or assumptions made for the non-equilibrium formula dd not hold 
tue for this part of the tests Ths deviation 1s gunerally belLoved 
to be produced because vater taken from storage by the decline in water 
lovel 4s not drained instantaneously. This deviation ean also be 
Adentified in a Cooper and Jacob timedrawiow graph by the dowmard 
Aiverston of the first points plotted, but, in the opinion of this 
witer, 4t 4s not es clearly Sdentifisble as with the Jaoger method. 
‘As Walton explains (Walton, 1960, Part I, pe $0) "The noneequilibriun 
formia does not accurately define drewiom until adjustment of flow 


oocurs between permeable sones and until the effects of delayed 


‘Trinestesieiity in est/ foot 
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=m 
ischarge of water in storage become mall. The initial transitional 
period during which dratdom data deviate fron theory may be less than 
a minute, several hours, or even days in duration depending upon the 
Gifterence between Adeal and actual aquifer conditions." 

ds According to Figure 7 the deviation effect seens to be overs 
cone after 600 minutes (10 hours) of pumping: then the computations 
ade from the 200-600 minute observation until the end of the test can 
tbe averaged as shown on Table TIT, The average values for T and S 90 
obtained should represent the transmissibility and the storage coeffi- 
chent of the formation vhere the well is located. 


‘ABLE TIT 


AGIEDUCTO DE MARTANAO, CUBA 
PUMPING TEST OF WELL '23 
‘JABGER MGTHOD SELECTED COMPUTATIGNS FOR T AND S 
‘DRAWDOWN DATA FROM SATELLITE WELL N-3 


Tine t 
ming pa /foot 8 
300 = 600 ‘See Table II for corresponding 
a values of T and S 
720 = WHO — 
D 42,410,000 T 1.622 
Average 1,928,000 0.0828 


Rounded 1,930,000 04083 


=43- 

The data and remults of the previous exauplo, Test Well 13 of 
the Acueducto de Marianso, correspond to a formation vbich seens to 
agree with the assumptions of the non-equilitrium forma at the lect 
‘thon of the observation well sone tine after pumping began. The agree 
nent, however, is not so definite in sone other cases. 

Figure 8 shove the values obtained for T and § for the formation 
aroué Well 15, Gity of TMtusrille, Florida, Drawiom data for this 
test vas collected fron a satellite well located ten feet avay fron the 
pumping well, which vas pumped at the rate of 210 gallons per mimite, 
‘Values for T and S agree within reasonable linits for those observations 
nade in the tine period betwen eight and thirty minutes after runing 
pogan, After M0 nimtes of pumping, the values of the tranerdssitility 
opt Snoreasing and the values for the storage cosffictent started 
decreasing. ‘This phenonenon has been found to typify leaky aquifers 
hore the main aquifer being pumped is recharged from underlying or 
overlying formations. 

‘the geology of the ares, driller's logs, water level information 
and common sense shall permit the observer to evaluate these chrow 
stances, Tt must be renembered that, by definition, the storage 
cootficient, vhen expressed dinenstonloss, cannot be greater than unity. 
Tt should also be resenbered that, although rigid Mite cannot be 
established, storage coefficients range for vater-table conditions fron 
0,05 to 0.90 and for artesian aquifers nay range from 0.00001 to 0.001 
(1x10 to 1 x 1079) (Ferris, 1962, pPe 76-78)+ 
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VEX. LEAKY AQUIFER CONDETEONS 


Verticel leakage or recharge 4s probably the most common devis~ 
tdon fron the assumptions of the non-equilibrium forma showed by 
aquifers in Florida, This case is that of an elastic artesian aquifer 
hich 4s recharged by vertical leakage through overlying or underlying 
confining strata, In nost instances of artesian aquifers, the con- 
‘fining bed or beds ere semipermeable rather than inpermeatle and only 
reterd the movenent of ground water insted of preventing it. This 
retardation of ground-water movenent is sufficient in many eases to 
validate the assumption of impermeable confining beds in the none 
equilibrium formila. However, there are also many cases vhen vertical 
Jeskage through the serdaconfining bed will prevent the indiscriminate 
noo of the nonwequilibriu formla, as this recharge wll tend to 
establish an equilibrium, 

According to Ferris (1962, ps 111) the firet detailed analysis 
and solution of leaky-aquifer problens vas done by Glee (1930) and 
Jater supplemented by Stoggevents and Van Nes (1939) PP+ 561-569)+ 
Work by Jacob (2946, pps 198-205), and by Hantush and Jacob (195+, 

‘pos 917-9361 1955» pps 95-100) resulted in the solution of the non- 
steady distribution of drawiow caused by purping o well at a constant 
rate fron an aquifer, The aquifer is esmmed to be: (1) infinitely 


effective, (2) perfectly elastic, (3) uniform in thickness, and 


WBE 


= 4b 
(4) replenished by leakage which takes place in proportion to the draw 
dows This solution is expressed by the expression: 


s= 2 wax) as) 


forma and, 


a a7) 


tnt 


4m which r has the came significance ag in the non-equilibrius formla, 
and 

FI 4s the coefficient of vertical permeability of the seni- 
permeable confining bed, 

nt is the thickness of the sexiperneable confining bed, 

Ey Ss also designated as the "leakage coefficient® or "leslancet 
(Bantush, 1956, ps 702). 

Hantash (1956, ps 702) cals W(u,x) the "well function for leaky 
systens:" it can be expressed: 


Wasa) =| @) expe ( ae) 


= at) - - @ ome Oe =) ey (a8) 


‘The symbol K,(x) 4s the modified Bessel function of the second 


kind of the sero order. Values of K,(x) for values of x between 10°? 
and 9.9 are given by Ferris (1962, ps 115). For values of x ranging 


aie 
‘between 0 and 10°, (x) can be determined ty the expression Ferris 
(1962, p. 116): 


K,(x) = 0.116 = 26303 208, 9 (x) (ag) 

Equation (16) defines the solution for the transient state or 
state of nonecteady distribution of drewiowm. The steady-state distri 
wtion of dramion, maxim drawiom, in the vieinity of the well is 
obtained from Equation (16) by Letting + approach infinity, and then 
(Perris, 1962, ps 122) 

= a (=) (20) 
shore 4, is the rasimn drawiom at the distance r and the other symbols 
have the sme clguficance as before. 

The developrent of the solutions for Leaky aquifer conditions 
assumes (Ferris, 1962, p. 111) that: 

1. the artosten aquifer 4s bounded above or below by a seni= 
pemesble confining bed. 

2. The aquifer, when pumped Le supplied by leakage through the 
semipermeable confining bed, the leakage being proportional to the draw 
goin Sn the main aguifor, 

Je The aquifer and confining bed are independently honogeneous 
and isotropic. 

4, The water level in the secondary aquifer supplying water 
‘shrough the sextpermeatie bed 4s maintained at or very near static Level 
through the interval of punpings 

Beonuse of the nathenatieal difficulties encountered in applying 


= 48. 
either equation (16) or (20), several investigators have developed 


approxinate graphical solutions to obtain the values of T, Sy and PY 


or Bt vn purping test asta are available, 


cooper (1963) has developed 2 method to determine the trans 
missibiLity and the storage coefficient of the main aquifer and the 
Leakage coefficient or "leakanos" of the confining bed vith nomsteady 
arawow data by an extension of the Theis graphical method, It con 
sists in superposing a plot of the drawiows on a family of type curves. 
‘The curves can be used also to predict drawioms vhen aquifer end son 
‘fining-bed constante are elrendy Imowy 

‘The development and use of those "Type Ourves for Nonsteady 
Radial Flow in an Infinite Leaky Aquifer" are desoribed in Cooper's 
words (1963) as follows. 


"type curvess=—The type carves 9] are computed from the 
FRESE Tonstendy radial flow in am infinite Leaky aquifer 
derived by Hantush and Jacob (1955): 


o/a/s-xt) = 2K, (2") = i 7, (ue) ewe r= vyley (2) 
fo 
where u = r°s/irtt 
{= tine since the decharge began 
3 the coefficient of gvorage of the aquifer 


and other tems are 05 previously defSneds Hantush and Jacob 
art ONE socles exprossiona for the formal solution, one con 
See eee eey ines tnd one for store tines Tho soixtion for 
Tong tines 42: 
allaltat) = 2,(2r) = Tolar ite7a) + Lem(v7/s)] [x 
+ ous772 + loggu = u + (u/v®) [2,(20) - 2] 
22 EF GP ep ea otpap a] 
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We 

and that for short tine 4a: 
of (Q/4nt) = Ty(2v Wa) = [ose + 106, (7/u) 
+uth) - he +[3,¢) =3) fo] 
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where I, = the modified Bessel function of the first idnd of 
order stro 


WEa) = BiG) = [Co fatdast 


and other terms are as previously defined. 
"The solution may be witten: 
8 = (Q/4nt) Luv) 


where L(usy) represents the righthand side of equations 2) 3, 
or fy. Inthe Liziting ease vhorein PY and hence v approach Zero, 
L(a,¥) approacher W(u) and the solution becomes! 


8 = (Q/taT) Wu) G) 


stl du the feettsar Thee posers fede (Wenzel, 1942, 
Pe &8)6 


"The type curves, vhich are plote of L(u,v) versus 1/u, consist 

‘one of wich v 4s used as the paraneter and 
v2/u 4s used as the paranster, The parent curve 
of both families, labeled W(u), 1s the Thels nonequilibrium type 
curve. An undashed curve, for vhich v is the paraneter, corres 
ponds to a plot of drawiom versus tine t at sone constant 
Sistance F fron the discharging well, whereas a dashed curves 
for which v2/u is the is the paraneter, corresponds to a plot of 
drawiown versus 1/r? at some constant time t, Bither set of 
arrpe eaybn ues fo cneate| ean fer coefficients T, S, and 
PY fat, 


‘by uge of the undashed curves one may conpute T, Sy and BY /at 
an follows: (2) plot a tno-drawiow curve (o versus ¢/2% F 
constant) for each observation well on logaritha paper of the 
Smo scale ap that of the type carves; (2) Reoping the coord 
hate oxen of the tio shoots pareliely 2 the data plot on 
BecTandachod type ‘curves to Stain a’ good eaten, observing hat 


= 0 


the early data from each well should approach the limiting curve 
‘Jabeled W(a) and the later data should fall between tw of the 
curves labeled v = 242, 7 = 240, ates, or along one of then; 

(5) as in the Theis graphical method, choose a convenient natch 
point anyuhere on the graph shoot and fron its coordinates on) 5 
The data and type curves respectively note the values of 2, t/r%y 
L(tyv), and 1/u; (4) for each observation well estimate the value 
of ¥ corresponding to the distance r fron the positions of the 
Gata plot between two of the Linbs on the type curves From the 
‘figures co obteined, the formation constants may be computed 
‘fron the equations: 


te fhe © 
s = un ele @ 
Crs) 
2 
eas (8) 


"gquations 6, 7, and 8 are for consistent units of length and 

tine, It 4s custonary in the Geological Survey to express r in 

feet, t in days, Qin gallons par minute, T in gallons per day. 

per foot, Pt in’ gallons per day per square foot, and nt in feat, 

being Gixensionteses For thoes inconsistent imtts equations 
and 7 become: 


T= 16g He) ©) 
5 = teh) (ao) 
Lerai) 


and equation 8 renains unchanged." 


‘TYPE GURVES FOR NON-STEADY RADIAL FLOW IN AN INFINTIE Leaky AQUIFER 


‘VITL, EXPERIMENTAL WoRK 


The three methods for the determination of aquifer constants 
with drawiom data from one or nore satellite wells, described in detail 
An the previous chapters, have been applied in this wrk te drawlow 
data collected in the pumping well of tests performed by the writer. 


The methods are: Jaeger!s, the Semilog-Plot of Cooper and Jacob and 


Theis! with the extension of Cooper's Type Curves vhenaver required. 
Results obtained have been evaluated by comparing then anong theme 
selves and also with results obtained by the application of the sane 
methods to drawiow data fron satellite well or wells. 

Data from pumping tests in four different wells have been used 
in the present wrk, The first two tests vere performed before this 
research was considered; however, enough data were available to permit 
a preliminary application of the above mentioned methods to drawiow 
data from the pumping well. The results from the application of these 
methods to data from the pumping well vas then compared xith those ob- 
tained from water-level observations in a satellite well or wells. The 
first two tests were at Acueducto de Marianao Well 13 and Compania 
Cervecera de las Antillas Well 2, both in the province of La Habana, 
Obes 

Experience fron the first two evaluations was then employed to 
progran data collection for a third pumping test. This new test was at 
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Well 10A, Fort Pierce, Florida, where one satellite well vas availabl 


Results from the different methods and fron both satellite and pumping 
‘well were compared. 

Finally 2 fourth well was tested in Leesburg, Florida, Well 12, 
vith no satellite well available, Data collection in the pumping well 
‘was programed to produce the best possible information. This well was 
tested tues: one time before it was completely developed and the 
second time after the development work was completed. The three 
selected methods were used with drawiown data from both tests and the 
remilts fron all methods and toth tests evaluated. 

‘The flow rate was determined in each case with pipe orifices 
vith freo discharge (Greve, 1949, 25 pp.). The hydraulic head on the 
orifice was recorded with a presmre-recorder calibrated in inches of 
waters 

Water level observations in the satellite wells were nade with 
Stevens and:Leupold water level recorders, type F, Water level obser~ 
vations in the firet tw pumping wells were made with water-level 
Andicators of the electrode type, M-Scope WL-250, manufactured by 
Fisher Research Laboratories. Water level observations in the pumping 
wells at Fort Pierce and Leesburg were made with a bubblerssysten 
equipment similar to that developed by Nelson (1954, 30 pps)» 

‘The bubbler-system equipment employed for water-level measure= 
ments in the last two pumping wells is echenatically show on Figure 10, 
Wtrogen gas was used instead of the carbon dioxide gas proposed by 
Welson because nitrogen, being practically an inert gas will not affect 
‘the chemical composition of the water in the well. The Ustube on the 
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Fig. 10,-Schenatic Diagran of Bubbler Systen 


ae 
right hand side of Figure 10 has one leg formed by a manonetrio-Miquid 
chamber, four inches in Glaneter and four inches high; the other leg is 


a transparent plastic hose, 3/16 inch in dianeter and eight fest longs 
‘The plastic hose was attached to a woden board, three inches wide and 
66 inches long, Before the hose was attached to the board, the front 
face of the toard was covered in each test with a strip of graph papery 
ten divisions to the inch, three inches wide and 66 Anches long. 

‘The ratio between the cross-sectional area of the manonetric- 
quid chanber to thet of the plastic hose wis approxinstely 50:1. 
‘This fact permitted us to determine the differential head in the U-tube 
‘by reading only the plastic hose, The estinated error wes of 0.0022 


inch per inch of head differential and, of course, too small to be 


corrected. 

‘The bubbler systen, as described, permitted the writer to take 
water level observations as often as every second, ‘This wae done by 
sizply plotting a mark on the graph paper at the sane level the nano- 
netric level yas at any tine, Tine was kept either by hearing o signal 
every second fron a battery operated netranome or by reading a stop- 
watch every five seconds. 


Because of the magnitude of the drawiows in both wells, at Fort 


Plerce and Leesburg, neroury was oxployed as the nanonetric liquid, 
For tests where less drawlown is expected another manometric Liquid of 
Jower specific gravity may be used, and consequently the accuracy of 
‘the meagurenents is increased. . 

Figure 11 shows the bubbler-cysten instrumentation as assenbled 
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in the Meld. The recorder shown had two pans with two pressre-caging 


elenents. ne pon recorded the pioronetric head, in inches of water, 
con the flowratenoasuring orifice. The other-pen connected to the 
‘ubbler-systen recorded the drawiowm in the pusping well in fect of 
water, 

Ik mist be mentioned that the bubbler gysten was adopted in order 
to make fast and accurate water-level observations in the punping wells 
‘This was found to be necessary after the evaluation made with the avail 
able date from the first twe teste: Well 13, Acueducto de Marianao and 
Welt, 2, Conpenta Cervecsra de las Antillas. The evaluation of these 
tye teste 4s included in the following Chapter Ixt Prelininary Bvalus- 
‘tons. 


TX, PRELIMINARY EVALUATIONS 


The first two evaluations of the determination of aquifer 
constants with water level observations in the pumping well were nade 
vith data available fron two punping tests performed by the writer 
sone time before this research was considered. ‘This was done in order 
to have a preliminary evaluation of the possibilities of such an idea, 

‘Two pumping tests were selected in which regular and accurate 
water-level observations in the pumping well were available together 
vith reliable remilts of the aquifer constants obtained from water 
level observations in satellite wills, These two tests were: Pumping 
Test of Well 13, Acueducto de Marianao, Cuba (Garela Bengochea, 1957, 
1 pp.) and Pumping Test of Well 2, Compania Cervecera de los Antillas, 
Guba (Garcia Bengochea, 1958, 40 pp). 

‘A detailed description of the evaluation of each pumping test 
4s given irnediately following. 

ie FPomgrse Moat ar Weld 4d tats de Marianao, 

Wel 13 4s one of the six new wells developed during 1957 and 
1958 for the city of Mariano, in the province of La Habana (Havana), 
Guba, The city of Marianao is just west of the city of Havana, and it 
covers to a great extent the most modern residential developnents of 


vhat may be called the Greater Havana Ares. 
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The new well field has a total capacity of 30 million gallons 
per day yielded from only six wells, This field has been developed 
4n the Ariguenabo basin where a very rich aquifer was quite recently 
AAscovereds 

Mt the atte of well 13 the aquifer extends fron 25 feet to 180 
foot in depth, its thiciness being, then, 155 fest. It is formed by 
cavernous Linestone geologically classified as Upper Oligocene. 

Ad six wells penetrate the entire thiciness of the aquifer and 
wore drilled 30 inches in dlaneter. they are cased to the top of the 
Lestone and open hole thereafter, A munbering systen fron 11 to 17 
vas used for these wolls in order to differentiate then from the wells 
4m another well fields 

Well 13 was pumped for 24 consecutive hours at a rate of 4980 
gon (gallons per minute) and ater levels were recorded in three obser 
vation wells eight Anches An laneter and located respectively at 656, 
820 and 98 feet. Figure 12 shows the deep-well pump and instruzontae 
ton An woll 13 during its pumping test. 

Values of the aquifer constants in the vieinities of well 13 
and ite satellites wells were determined ty Garcia Bengoches (1957, 
pe 10) and ave reproduced in Table IV, Determinations ware made at 
that tine by the Theis method and the Gooper and Jacob method. Resulte 
fron the tw nethods and the three different satellite wells agree 
reaarkatly well for this type of determination and give an average value 
for the transmissibility T of 2.09 mgd/foot (miliions of gallons per day 


per foot) and for the storage coefficient S of 0.076. 


Fig. 22.-Pumping Test of Woll 19, Aoveducto de Martanao 


TABLE IV 


ACUEDUCTO DE HARIANAO, CUBA 
‘PUMPING TEST OF WELL 13 
VALUES OBTAINED FOR THE TRANSHISSISILTTY AND THE STORAGE COEFFICIENT 
USING WATER-LEVEL OBSERVATIONS IN SATELLITE WELLS 


(Gareta Bengochea, 1957, ps 10) 


Distance to Transssibility Storage Cost. 


‘Pusping Well. Ss 
etes fee nell foot a 

Thets 656 2.93 0,039 
Cooper and Jacob 656 2.02 0,049 
Thee 820 2,02 0,120 
Sooper and Jacob 820 2.03, 0,205 
Thete 986 2.00 0,082 
Cooper and Jacob 986 2408 o,o7a. 
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Aquifer constants were determined later by the Jaeger method 
with the some dracon data of the satellite well at 986 fect (Garcia 
Bengochea, 1960, pe 45). The value determined for T was 1.93 ngd/foot 
and that for S vas 0.08, 

Figure 13 shows the natural tinesdrawiowm graph of pumping well 
13; and Table V shows the Jaoger-nethod computations for tine intervals 
of one minute after pumping started with drawoms in the pumping vel. 

An malysis of Table V indicates that there are only two values 
of the storage coeffctent which are really meaningful: the values 
corresponding to the 2:4 and 3:6 minute intervals which are 0,009 and 
0,016, The corresponding values for the Transcissitility for those tw 
sets of observations are respectively 2.43 and 2.84 mgi/foot; their 
average 2063 ngi/foot seems to agree with the values determined for T 
with the data fron the satellite vells. Prior to tye minutes of 
pumping the value obtained for S was greater than unity, 2 value which 
camot be possible, After four minutes values obtained for the storage 
coefficient were so mall ac to be meaningless in the kind of aquifer 


ve wore dealing with. After four minutes of pumping, the values 
determined for T and S, vary in a vay which is typleal of conditions of 
recharges 

Figure 14 shows the Sentlog plot of the drawioms in the pumping 
‘yell 13 and clso the computations for T and S in accordance sith Cooper 
and Jacob method and ite modification by Lobnan (1957, 6 ppe)e Tis 
determined as 2.34 mgi/foot and $ is 0,014, These two values agree vory 
closely with those obteined by the Jaeger nathod in the punping wells 
Very significantly in the graph is also the fact that drawiows taken 
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Fire eeSawaral Tine-Deawiown Graph, Acuedusto de Martanto, Well 13, Drandows tn Purping Well 


‘TABLE V 


AQUEDUGTO DE MARTANA, CUBA 
PUMPING TEST OF WELL 13 
SABOER METHOD COMPUTATIONS FOR OLFFERENT TIME INTERVALS 
DRAWDOWN DATA IN THE PUMPING WELL 


eo of os Fy 
Se WEG) gpd/t00t s 


16282 6. x 10°? 440804976 x 106 3,0 x 10° 
1.062 3.9 x10© mes 243x106 9,0 x 1079 
Ls05L 39 x 1077 14.28 2,84 210° 1,6 x 107? 
10036 143x209 19,88 392x108 9,7 x 1076 
1,028 $40 x 1072? 25,4 4,99 x 20° 


1.028 5.0 x10 25, 4.96 x10 7,0 x 10% 


5.9 x10% 


1.028 5.0 x 1072 2504 4,92 x10 8.2 x 10% 
e028 5.0 1072? 25, 9010 9,9 x 10% 
25h 4688 x 10° 1,0 x 10°7 


6 p0x10t 


14028 540 x 10" 


023 245 x 10 


30.7% 5689 x 10° 
1.023 245x107 30,74 5487x108 7.6 x 10-0 


2 
503 1.0m 143x205 55.70 64g x20 4,8 x 107 


RENE DERE DENNEN HH OH SHRP 


RORBEBESS Boho ts aSuerowenne 


Job 1.0m 143x105 33,70 642x108 5,2 x10 


Q = 5050 gpm d= 30 inches = 1.25 foot 


= 1s.é @ MO) = aai.e x 5050 x MED = 0.579 x 108 MO) 


peti. —_art __ sated 
1687 F° 1,87 x (1425)? x nyo 22 
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Figs ive Seatlag Hine-Drewlown Graph, Aesetuoto de Yartanas, Well 33, Drawlowa tn eging Weld 
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five minutes after pumping started showed a deviation from the straight 
‘ine which ie also typical of recharge effects. 

Tt mst be pointed out that well 19, together with the other five 
vater supply wells for Acusducto de Marisnao, vas developed around a 
shallow lake called "Lagma de Ariguanabo." A bed of red and black clay 
ranging in depth between ten and thirty feet separated the leke fron the 
main aquifer, Pumping from well 13 created a cone of depression which 
mist have produced a recharge effect from the lake to the main aquifer, 
‘even at avery mall rate, No recharge effect was noticeatie in the 
water level observation yells, but it definitely did show up An the 
pumping well, Well 13 reached oquilitriun condition after 18 hours of 
pumping and its drawlom rensined at 3.33 feet for the next six houre 
of pumping, This equilibriun condition had to be produced undoubtedly 
by a certain anount of recharges 

on the other hand, we found that the top of the aquifer at the 
site of wil 13 and at the elite of its satellite wells was betimen 30 
amd 7 feet deep, The overlying stratum, which extended up, practically 
to the ground level, was fomed by browred clay. Static witer level 
vas approximately 15 feet from the cround. This fact indicates that 
‘the aquifer vas under sone artesian or at least sexinartesian conditions 
‘The storage coefficient obtained fron the pumping well, approxinately 
0.013, seens to describe better those conditioris than that of approx 
Amately 0.080 obtained fron the satellite wells. 

‘The drawlon observations fron the purping well vhich gave sound 
values for the transtissitility and the storage coefficients ware those 


taken between tv and five minutes after pumping had started. Therefore, 
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‘we have used a flow rate of 5050 gen in the computations with drawiown 
data from the pumping well because that was the flow rate which the 


‘yell was actually discharging for the first seven hours of pumping. 
bow 


‘The variation of that flow rate with the average of 4960 me 
‘ever, less than two per cont. Flow rates were within plus or rims 
‘tye per cent of the average rate during the entire period of pumpings 
‘Table VE sumarizes all the values obtained for the trans 
missibility and the storage cvefficiont in accomianee with the method 
‘exployed and the well vhere water-level observations were madey 


‘TABLE VE 


AGUEDUCTO DE VARTANAO, CUBA 


‘PUMPING TEST OF WELL '13 


SUWARY OF RESULTS OBTAINED FOR THE TRANSYISSTETLITY AND THE 


‘STORAGE COEFFICIENT WITH ULFFERENT METHODS 


Well Used for Distance to Translesibility 


i 
Saoger Pumping Well 1625 2663 00013 
Cooper & Jacob Pumping Well +1425 2h 0.0L 
mag 
Cooper & Jacob Satellite N-1 656 2607 0,009 
ponent ean a) 
Cooper & Jacob Satellite N-z 820 2.03 0,105 
‘Theis Satellite Ne3 986 2400 0,082 
Cooper & Jacob Satellite N-3 986 2408 0.072 
Jaeger Satellite N-3 986 1693 04080 
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B, Purping Test of Well 2, Oia, Corvecera de las Antillas 
‘La Habana, Cube 

By the ond of 1958 tw wells vere developed az the source of 
industrial water supply of the nev brewery Gla, ervecera de les 
Antitlas, Located in the province of La Habana about 12 miles southe 
east of the city of Havens, Water requirenente called for tw wills 
xith a 1000 gallons per minute yleld from each one, The site for the 
brevery vas selected by a consideration of the water facilities: there 
fore the tw wells were drilled within the property bought for the 
plant Location. 

‘the tro wells, drilled 20 inches in diameter, penetrate the 
entire theless of an aquifer within the Catalina basin, The aquifer 
is formed ty cavernous Unostone geologically classified as fron the 
ower Mocme Epoch. This aquifer 4s completely independent of the 
Arigunsbo basin, and at the site of the brevery At has'a thiciness of 
stout 240 fect. It extends fron 60 to 300 fect in depth. Drilling 
loge Andleated slight artesian conditions, although this aquifer 4s 
generally regarded as under vatertable conditions. 

Soth wells were tested at about the sane pumping rate and ith 
very similar results, The data of well 2havebeen selected for this 
work beemse during the test of the other well the pumping rate varied 
excessively duc to sone difficulties with the pumping equipment, 

Well 2 was pimped for 51 consecutive hours at an average rate of 
1360 gallons per minute, and water Levels were recorded at an obsorvae 
‘ton wll Iocated 502 fect from it. The pumping rate from this vell 
varied fron 1815 gee at the very beginning of the test to 1560 gpm st 
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the Siret hour of pumping, to 1460 gpm at the second hour, to 1340 erm 
at the eleventh hour and fren then on decreased very slovly to 1280 gpm 
at the end of the test. ‘The variations were due to deficiencies in the 
pumping equipment which could not be overcome: however, they did not 
‘soon to affect appreciably water-level observations in the satellite 
yell, and 4t vas possible, with mich data, to determine the constants 
of the aquifer. 

Table VII shows 2 sumary of the values obtained for the aiifer 
constants by the writer (Garcia Bengochea, 1960, pe 58) using water 
‘evel observations in the satellite well, All these values were cor 
puted on the basis of a flow rate of 1280 gm because the drawiows 
reconied for the lest part were the ones which could be used for the 
determinations. 

‘An attenpt was made to determine the constants of the aquifer 
vith drawiow data fron the pumping well. The Jaeger method vas used 
first. For this purpose, the natural-draiciown graph of the pumping 
recorded during 


yell as drain as shown on Figure 15. The flow rat 
the teat are also show in Figure 15. The reduction in the flowrate 
ron the punp produced an oquiliriam in the pumping well shortly after 
tae hours of pumping: therefore, only those observations made during 
the fret 145 minutes of test are show on Figure 25s 

conputstions for T and § were made with the Jeeger method and 
sater Level observations from the punping well as collected in the 
feta, that 9, without using the drawiown graph on Figure 15+ For 
each computation we used a value of the flow rate, Qy equal to the 
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‘TABLE VII 


CERVECERA DE LAS ANTILLAS, SAN JOSE DE LAS LAJAS, CUBA 
PUMPING TEST OF WELL 2 
VALUES OBTAINED FOR THE TRANSMISSIETLITY AND THE STORAGE COEFFICIENT 
USING WATER-LEVEL OBSERVATIONS IN SATELLITE WELL 


(Garcia Bengochea, 1960, pe 58) 


Distance to ‘Tranmissibility Storage 


Pumping Well T Gost ficient 
Method feet epd/ foot. s 
Theis 502 115,000 0,018 
Cooper and Jacob 502 194,000 0,018 


Saoger 02 121,000 0,023 


35 
average pumping rate for the corresponding time interval, Such compu= 
tations are tabulated in Table VIII. An analysis of Table VIII clearly 
Andicates that only those computations corresponding to 10:20 - and 
25:50 ~ minutes time intervals result in values for the storage 
cocfficient which nay have any significance in accordance wth the 
geology of the area, ‘These two values of S are respectively 0.013 and 
0.037 and the corresponding values for T are 137,000 and 128,000 
gpd/foot (gallons per day per foot). 

Because only tw values were determined for each constant and 


they seemed to appear in an erratic form, it was decided to make compu= 

tations between the 10:20 = and the 30:60 - minutes tine intervals as 

shown in Table IX, Values for the drawiow every minute starting at 

ten minutes were determined from the natural-drawiom graph of Figure 15. 
Due to the adjustnents of the natural-drawiom graph, the set of 

observations for 10:20 nimites does not give as good a value for the 


storage coefficient as the same set in Table VIII. However, it can be 


observed that those computations between the sets of drawlows corres 
ponding to 17:34 = and 28:56 - minutes give values of storage coeffi. 
clont in accordance with the conditions of the aquifer assuned fron the 
driller's logs, that is, ranging from 0.0015 (slightly artesisn) to 
0.088 (water-tatie). The corresponding values for T range from 162,000 


to 105,000 gpi/foot, The arithmetic mean for those conputations 


detween 17:34 and 23:56 minutes gives a value for the tranmssibility 
ef 136,000 gpd/foot and for the storage coefficient of 0.026. 
Figure 16 shows the sexi-log plot of Goopar and Jacob with the 
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‘TABLE VIII 


CERVECERA DE LAS ANTILLAS, SAN JOSE DE LAS LAJAS, CUBA 
PUMPING TEST OF WELL 2 
JASGER METHOD COMPUTATIONS FOR ILFFERENT TIME INTERVALS 
‘DRAWDOWN DATA IN THE PUMPING WELL 


oe tows fx wa) elt 5 
? rt 
4 1.209 bg x 10 7.08 143,000 
a 1.998 66x10 2621 324100 

rd 1128 142x107 615 Bly 600 

Fy 1.067 9.0 x10° 12,04 137,000 

cf sos 58x10 — 16,09 191,000 

io 1088 16x10? — 15.07 171,000 

Ed 1.068 12 1c 108% 128,000 

& aioty ex 1e* 8445 08,900 

a aay oexiet — 695 62,600 

a aia 22010? 5.54 50,700 

120 1128 162x109 615 5,500 

w ose 6.221075 = 974700009 
= verable 1815 to 1470 em 20 inches 4 = 0,835 foot 


pe BEES yay 


ge bt tare), uth 


1.87 r* 


2 BEY a9? 


87 (0.835) «11.88 
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‘TABLE IX 


GERVEGERA DE LAS ANTILLAS, SAN JOSE DE LAS LAJAS, CUBA 
‘PUMPING TEST OF WELL 2 
JAEGER METHOD COMPUTATIONS FOR DIFFERENT TIME INTERVALS 
‘INTERPOLATED DRAWDOW! DATA IN THE PUMPING WELL 


ee a T 
% fect 5, u Wu) gpa foot 
1 148 7 

2 1506 1.053 6.3 x 10" 13.70 170,000 
2, m6 - 

2 15.7 1.047 1.2 x 107 15-45 191,000 
2) a5 

2 15.8 16047 1a x20"? 15045 190,000 
1 12 ag 

2 15.9 1.046 8,0 x 10 15.76 192,000 
1 ike . 

2 16,0 1.052 5.0 x 107! 13.93 169,000 
1 153 8 

2 16.0 1.046 8,0 x 10™ 15.76 185,000 
Lag op 

2 161 1,046 8.0 x 10° ‘15.76 184,000 
1 ige i 

2 16.2 14052 540 x 10 13093 162,000 
a 155 A 

2 163 ion 282107 aba 164,000 
L Lge 

2 16 1,081 368 x10°7 14.21 163,000 
1 15.6 6 

2 165 1,08 1.9 x 10™ 12,60 142,000 
ey: 

2 165 1.08 3810-7 wz, 160,000 
1 R27 

2 16,6 1.058 169x107 12,60 141,000 
Ll 15.8 rs 

2 188 1,063 47 x10 1.6 129,000 
1 ine a 

2 168 1,063 47 x10 n.@ 129,000 
1 158 sag 

2 16.9 16070 1465x1075 10,53 124,000 
1 15.9 : 

2 1700 1.069 1.2 x 10- 10.75 = 116,000 


0,002, 
000025 
0.00027 
0.00021 
0,003, 
0,002 
0400025 
0.0015 
0.0012 
0,013 
00058 
0.0014 
0,063, 
0.015 
o.o15 
0,045 


0.039 


rary 7 
xin % 2 Wu) gpe/foot 8 
my 1 158 
BP Ma wes 32 x10°5 9477 105,000 04097 
Lb 
56 2 Wiz 16075 2%8x10°F 9,91 105,000 0,088 
% 1 16.0 
SB 2 W713 10082 622105 9.11 96,400 0,184 
Bi ie af 
2 Yah 14088 Le x20 a5 89,700 04215 


Q = variable 1815 to 1470 gpd «9d = B inches =r = 0,835 foot 
p= BYES iy(a) 


=e BDt (dave) uti! _ u2tt 
8 e = x10 


1487 1487 x (0.835)* 1488 


Drowns dn Ping Weld 


Fite 16sSentLon Hine-Drawows Graph, Gorvecera Antstian, Wold 2 


~~ 
drawiom data from the pumping welll and the computations to determine 7 
and $ with this netiod and Lohman's modification, 1 is determined as 
136,000 gpd/foot and $ as 0,011, Both values were determined with a 
Flow rate of 1650 gpm becouse this is approxinately the average Alo 
charge fron the pumping well between 10 and 60 minutes of pumping. 
This period of tine corresponds to those observations felling in the 
straight lines 

It ds sigificant to point out that approxinately one nile south 
vost of well 2 there vas a boundary in the aquifer fomed by older and 
rather impermeable Hnestones of the Oligocene Ages Boundary conditions 
seemed to show in those observations made in the pumping wel] between 
75 and 120 minutes of pumping. This phenomenon also appears in the 
Jaoger computations of Table VIII where, between the cots of obsorva~ 
‘ion 30:60 to 501100, values of 7 decrease sharply, vhile values of $ 
increase even beyond the logical figure of unity, This phenonenon 
@Asappeared after 120 mimtes of punping when there vas 9 trend towards 
stabilization, produced either by the slow reduction in the purping rate 
or by a capture in the aquifer or most probably by both. 

‘The apparent: boundary effect was not show in the determination 
of aquifer constants with drawiown data in the observation well at 502 
foot from the punping well, Figures 17 ond 18 (Garcia Bengochea, 1960, 
pps 51-56) show respectively the values obtained for T and S with the 
Jeeger method and drawiowne in the satellite well, and the tinedraw 
dow graph of Cooper and Jacob for drawioins also in the satellite will. 
No appreciable deviation seens to take place in either of these tye 
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Fig, WecYaluos Gbtatned for T and 5, Cervecrs Ant4N2as, Mell 2 Drenons An Satelite MeL 
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ize 15.aSeedlog Tne-Drowlown Graphs Corvecera Antiiias, Well 2, Graviowns in Soteliste Well 


Sie 
eraphe after approxinately 400 minutes of pumping, a fact vhich wuld 
indicate the existence of that boundary effect. 

Table X elves a sumary of the remilts obtained uth the different 
nethods and with drawiow data from different wells 


TABLE X 


CBRVECERA DE LAS ANTILLAS, SAN JOSE DE LAS LASAS, CUBA 
PUMPING TEST OF WELL 2 
SUMMARY OF RESULTS OBTAINED FOR THE TRANSMISSIBTLITY 
‘AUD THE STORAGE COEFFICIENT WITH DIFFERENT METHODS 


Well Used for Distance to Transmissibility Storage 


Water-Level Pumping Well T Coeff, 

Method Observations — feet. 2g8/foot 3 
Jaeger Pumping Well 0.8% 136,000 0,026 
Cooper & Jacob Punping Well 0.8 136,000 o.ona 
‘Theis Satellite Well 502 225,000 0,018 
Gooper & Jacob Satellite Well 502 19,000 0.018 


Saoger Satellite Well 502 221, 000 0,023, 


X. PUMPING TEST AT FORT PERCE, FLORIDA 


‘Three pumping tests were performed during the sumer of 1962 as 
a part of comprehensive vatereoupply studies for the Gity of Fort 
Pleree, Saint Lucte County, Floride, In order to evaluate the rossi 
Llities of a source of groundaater supply test wills were drilled and 
tested tn tho northwest section of the city. 

The geology of Saint Lucte County indicates that the comty 4s 
essentially nantled by conde of the Pleistocene age (Cooke, 1945, pl. 2). 
In the vicinitios of Fort Pierce, sand beds extend doi to approxinately 
@ feot in depth and include layers of hardpan, usually near the surfaces 
‘he lower strata of this send formation contain sell shell, nari, and 
some clay, Older strata, from the Upper Miocene (Vernon and Babeock, 
1962), formed by coarse shell, shell and sand, and consolidated sand 
and shell, extend between 70 and 130 fest in depth. These older strata 
constitute a good pemesble aquifer under loweprasure ertesian con 
ditions. Water from this aquifer, although relatively hard and sone 
times slightly colored, 4s fresh and can be used as a source of vater 
supply (Parker, Ferguson, Love and others, 1955, pe 176). From 120 
fect to approxinately 700 fect extend strata of marl and other argil~ 
Iaceous naterisls vhich serve as the confining beds to the cavernous 
Lestones of the rich Floridan aquifer (Parker, Ferguson, Love and 
others, 1955, ps 188). Unfortunately, in this area the Floridan aquifer 


contains highly mineralized water and cannot be used economically as a 


Bre 


= 83- 
souree of drinking water supply. 

Test sites were located on the northwest section of the tow, 
and one four-inch test well was drilled first at each one of the 
selected sites, These four-inch wells were cased down to the top of 
the shell, and shell and sand strata, approximately 70 fect deep. 
Sereens of the continuousclot type, four inches in diameter and ten 
feet in length were provided at the totton of the casing, between 70 
and 80 feet in depth, Formation samples were collected every five fext 
and also at every change in the formations penetrated. When the four- 
Anch wells were finished and developed, they were test-punped with a 
snall deep well turbine pump to obtain information on well production 
and to collect water samples for water-quality determinations. 

Upon completion of the preliminary testing on the four-inch wills, 
am eight-inch well was drilled at each test site, 100 feet avay from 
each foursinch well, Formation samples were collected also from the 
eight-inch wells, Samples obtained throughout the entire thickness of 
‘the main aquifer, that is, from 70 to 130 feet in depth, were used by 
the screen mamfacturer to determine the slot size of the screens, The 
eight-inch wells were then cased and provided with 60 feet of eight= 
inch sereen at the bottom. 

‘The purpose of the screens in the wells is to prevent the uncon= 
selidated formations of shell and sand from caving in and to allow the 
water in the formation to flow through it with a minimum loss of head. 
After each screen vas sét, the well was then developed, The purpose of 
the development was to flush from the formation surrounding the screen 
all finer particles of sand and shell, as well as marl and other 
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materials which might resist the flow of water into the well, This waa 
accomplished by jetting horizontally the formation around the screen 
vith high velocity water jets fron a tool inside the sereen, and 
further, by surging the well with compressed air, The selection of the 
Froper screen and slot size, together with the development work, are 
‘the most important factors in obtaining a successful screened well 
grilled in a suitable formation (Bennison, 1947, p. 219). 

After the developnent work on the eight~inch wells was completed, 
2 pumping test was conducted dn each well. Pumping tests vere pers 
formed for several hours on each eightainch well while recording the 
rate of flow and the water level in toth the pumping well and the four- 
Anch satellite well, Rates of flow wore determined by recording the 
pieronetric head on an orifice plate at the end of the discharge pipe. 
Water levels in the purping well were measured by means of the nitrogen 
‘Bubbler connected to a mercury plezoneter and recorder, Water levels 
at the four-inch wells were recorded uith a Stevens and Leupold, type Fy 
water level recorder. 

Prelininary pumping tests were nade in each eight-inch well 
before final testing. This vas done to predetermine an appropriate 
Purping rate and to check instrunents end equipment, Sufficient tine 
elapsed between the tests to assure complete recovery. Figure 19 shows 
a view of the pumping test at well 104, 

Bighteinch wells were designated 9A, 10A and 114, corresponding 
respectively to the four-inch wells designated 9, 10 end 11 and drilled 
prior to the drilling of the larger wells. ‘In the performance of the 


firet tw tests, at welle 9A and 1A, field conditions prevented the 
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Fig. 19.-Pumping Test of Well 10A, City of Fort Pierce 


86 
‘witer from making water-level observations in the pumping well vith 
the bubbler eysten as frequently and as accurately as he had intended. 
Therefore, data from tho: 
ton. 


‘two tests have not been used in this evalua 


A sumary of the field data obtained from well 10A, including 
@riller's Jog and water analysis is shown on Figure 20. This figure 
also gives the exact position of the totton of the casing and the 
extent of the screen, An analysis of the well log and information on 
the static water level, 12,5 feet from top of casing (July 11, 1962), 
together with the fact that the permeability of the overlying sands is 
considerably less than that of the shell aquifer, load us to the 
assumption that the shell aquifer should be under low-pressure artesian 
conditions. 2 

Well 10A was pumped at the constant rate of flow of 400 gpm and 
‘the water level stabilized in the satellite well, after only 5 minutes 


of pumping, with a maximm drawiow of 3.07 feet. The water level in 


the pumping well reached equilibrium after spproxinately 60 minutes of 
pumping, with a maximm drowiom of 29.21 fect. 

Figure 21 shows the natural tinedrawlow graph of water-level 
cbocrvations in the pumping well for the first one thousand seconds of 
pumping. Water-lovel readings vere nade in this well starting at every 
five seconds at the boginning of the test. Figure 2 also shows the 
yesidual dramioms for the first one thousnd seconds imediately after 
the pump was shut dow, Maximum drawiow: minus residual drawiow giv 


the recovery. Recovery data have been used also in the determination 


of aquifer constants, 


Sone 


| wLinronuarioy 


AecATion: ann stneer 


ie 


Fig, 20,-Sumary of Well Information, Gity of Fort Perce, Well 10A 


Pigs ALtstural Toodraiioin Graph Clty of Fort Plarce, Welt 104, Draws in Purying Wel 
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Sanger nethod computations for different tine intervals were 
nade starting with dravlom observations in the puxping well every five 
seconds. ‘These computations are shown on Table XI, Values obtained 
fron this table for the transtissibility and the storage ovefficient 
wore plotted verous the corresponding tine and are shom in Figure 22. 
An analysis of Table XI and Figure 22 indicates that up to the 
10:20 second intervals the values obtained for the storage cosffi~ 
sient do not correspond to the lowpressure artesian conditions found 
from the drilling logs and the geology of the area, This analysis also 
Indicates that after the 710:420-second interval the values obtained 
for T and $ varied very Little until the 330:660-second interval, shen 
the trenmlanibitity started to show a nore narked rate of incroa 


and the storage coef fictent began to decline sonexhat nore rapidlys 
Both conditions are slimy associated with recharge effects, Because 
of the mall. HMne intervals used in these computations, the changes of 
the values for T and S, shown in Teble XT and on Figure 22 are also 
small, 

‘The arithmetic mean for the values of T betwoen 210:440 seconds 
and 3908660 seconds Ln 20,300 gpd/foot and that for S 45 0.0032. These 
tp Sigures will be cooidered the values obtained for T and § with the 
Jager method and drawiown data fron the pumping well, 

Table HIT gives the conputations and values obtained for T and § 
with recovery date from the pumping well. The recovery data wore deter= 
mined by subtracting the residuel draisloms, given in Figure 22, fron 
the naximm stabilised drawiow during the test. It is inportant to 
indieate the break in the residual drawlom curve between 20 and 60 


CETY OF FORT PIERCE, FLORIDA 
PUMPING TEST OF TEST WALL 10A 
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TABLE XX 


JAEGER METHOD COMPUTATIONS FOR DIFFERENT TIME INTERVALS 


‘DRAWDOWN DATA IN PUMPING WELL 


e ca . 
vec WF fect 5, 2 wu) epd/tt 8 
eet i 
wm 2 968x102 4,06 26,200 1.4 x 107 
yo 4 z 
2 2 2.93 W600 5.2. x10" 
Sone -: 
e 2 aaxic? 17h 6,900 143 x 20° 
a 
io 2 agxiot sp 5,000 145 x 20° 
gia 
2 Laxiot 174 5,100 146 x 20° 
2 at e 
& 2 al x10 1h 4,600 147 x 20 
304 4 A 
7m 2 nox? 18244007 x 20 
boo * 
a 2 6.8 x 10° 5,000 145 x 10° 
1 - 
9 2 6.2 x 10" 5,100 146 x 10° 
5 1 2 ° 
oo 2 4h x 10" 5,700 atk x 10 
go, 52 ° 
uo 2 3.2 x 10 6,200 142 x 10 
ot 2 a 
1m 2 1g x 10 7,000 8.9 x 107 
car 2 st 
wo 2 at x20" 7,700 748 x 107 
7 1 3 1 
wo 2 72x10 9,000 5.2 x 107 
7 3 2 
ip 2 366 x10? 5405 10,300 3d x 107 
no 2 2x10? — 5.59 12,300 2.2 x10 
5B 1 
1 2 dbx 10? — 6.00 12,000 146 x 207 
902 
wo 2 10x10? — 633 12,600 249 x10) 


‘TABLE XI - Continued 


facie tty Stes Et we) pile 8 

6.66 13,200 140 x 107% 

7.02 13,800 747 x 107? 

elt 14,200 5.6 x 10°? 

7680 14,700 443 x 107% 

8.23 154400 364 x 107? 

8.72 16,200 142x107? 

gall 16,800 1.8 x 10°? 

9.52 17,500 149 x10? 

9.7. 17,700 aa x 107? 

10.29 18,700 7.2 x 1079 

dota 18,800 6.8 x 10°? 

10.53 18,900 6.4 x 1079 

1.0% 19,800 4.0 x 1079 

Usoh 19,700 4st x 1079 

0h 19,600 4 x 1079 

3.35 20,100 3.5 x 107? 

12.35 20,100 3.6 x10? 

12.69 20,600 2.8 x 1079 

1.063 hp x10 m6 20,500 249 x 107? 
1.06 47 x10-6 1,6 20,400 3,0 x 1079 
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TABLE XT = Continued 


A ae (coe 2 Wea) alte s 

Boe sg ewr® 12.88 20,700 26x10? 
mm 2 39 210° 1,88 20,600 2.6 x10? 
& 2 biz x10" 12,08 0,900 243 x 1079 
Be 2 giz xr0°® 12,08 20,900 2uhx 10°? 
@ 2 ag x2& r260 214800 145 x10? 
ae aaxwe ris ako 1.8107 
fe 2 nox? wks miyloo 1.8 x10? 
to i ag x10 1260 2600 146x109 
te 3 aes x10 12,83 20,000 ah x 207? 
to 2 sexi 15,06 22300 162 x 10°? 
eo 2 ao x1 13,24 22,600 9.6 x 207 
oo eso x10"? 35.46 23,000 8.0.x 10° 
oo @22i0? 72 2400 6h x07 
se G22? wre 2,W00 52x20" 
% 3 ae x10? 13.97 23,700 5.2 x 207% 
so 2 tex? x7 23,700 5.6210 
90 2 aap xi? 5.01 25)M0 22 x10 
960 2 aap xi? 15.01 255800 2,3. x 207% 
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TABLE XI ~ Continued 


uo. 7 

ccc iF ret $n ws) gpafte 8 

490 1 25K 

ob eel 1.0K LaxI? 15.45 25,900 2.6 x10 
500 1 25647 = 
1000 2 (26,63 1.046 8.0 x ro 15.76 26,600 142 x 10" 

= 400 gm 8 inches F = 0.33 foot 


saBtt «ute ____. 2 # ya 
87 x 1687 x (0433 )? x. 86,400 1.79 


i 
é 
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‘TABLE OT 


COTY OF FORT FIERCE, FLORIDA 
PUMPIIG TEST OF TEST WELL 10 
JABGER METHOD COMPUTATIONS FOR UCFFERENT TIME INTERVALS 
RECOVERY DATA IN THE PUMPING WELL 


Hott 
rare 
bake 


DHE SPREE REPRE NEN HS HRH SHO POH DE 


10.63 
198 
210.92 
Foss 


rs BW) apelte s 
sao. 32x10 7.47 33,100 2 x 1? 
Observations affected by deep-vell punp backflow 
U1 L2x10F 615 23,000 1,8 x10 
L1H 144x107? 6,00 21,800 29 x10 
aaey 2x10? 6.25 214900 243 x 107? 
dz 12x19 615 1,500 246 x10) 
Lage 5x309 5.93 20,900 hx 207 
26133 166x107? 5,86 19,700 3.9 x107t 
14193146 x 1079 5,86 19,4002 x1 
6135-167 1079 5,80 18,800 45 x 1077 
128 168x107 57h 18,400 5.2 2207 
Lp 9 2109 5469 18,000 547 x 107 
Uae 222109 55% 17,900 68 x10 
Lby 29x10"? 5,50 16,900 7.4 x 17> 
12k 267 x 10°F 5,34 16,600 9.0 x 107 
Wsth5 245x109 5,42 16,300 © 8.7 x 10} 
Ls 267 x 10°F 59h 15,900 946 x 10? 


o o8 . 
feet 5, u Wa) gpa/te s 
po ol a 
Goo 2 1652 1162 6x03 —KB_12,200 26 x 10° 
0 115.08 
800 2 17,69 1.263 65 x 1079 4? 11,300 363 x 10° 
500 1 15.85 
wooo 2 18.77 16183 7.91079 4427 10,2004 x 20? 


Q= 400 gm = d= 8 Aches r= 0.39 ft 
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seconds after pumping stopped show on Figure 22. This break was 
almost certainly dus to the backfloy to the well of all the water con 
‘tained in the deep-well pump and in the pump colum Amediately after 
pumping was stopped. The inertia of the pumping equipment may also 
alter these first observations; however, in this particular instance 
‘the variations seen to be characteristic of backflow conditions. Be 
cause of tho break on the residualadrewiow curve, no computations are 
Aneluded in Table XII betwen the 10:20- and the 60:120-sesond 
Antervales 9 

The values obtained!in Table XII for the storage coefMictent do 
not resenble at all the lowpressure artesian conditions of the aquifer, 
although the valu 
recovery agree with those caloulated with the drawiom data, This 


of the tranmissibility for the first minutes of 


phenomenon sens to be produced by the backflow of water to the well; 
however, the fact is that the values obtained for the storage coeffi~ 
ctent are not acceptable; consequently this method using such recovery 
data does not offer enough reliability. 
Figure 23:shows the sentlog tine-drawiowm plot of Cooper and 
Jacob and the computations for T and § with drawiow data fron the 
pumping well. Remulte show on Figure 23 are as follows: 
1 = 21,100 gpe/foot 
3 = 0,0025 
‘The rapid stabilization of the water level in both the pumping 
and the satellite well, together sith geological considerations, indi- 
cated the presence of recharge effects due to leaky aquifer conditions, 


Therefore, 4t was decided to use the method of the "Zype Curves for 


i re 
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Yonsteady Radial Flow in an Infinite Leaky Aquifer" developed by Cooper 
(2963) and described in Ghapter VIT, ‘This method as indicated by its 
developer constitutes an extension of Theis method and hence we have 
‘sed the tern "Thels-Gooper Graph" to desimate the plot of drawoms 
versus tine, necessary for the Type-Curves or the Theis-Cooper method. 
Figure 24 shove the Theie-Cooper graph with drawiom data from 
‘the pumping well together with the computations and results for the 


aquifer constants, These are: 
3 = 5,20 gpd/toot 
S = 0,034 
PY = 0,062 gpd/saefte 
0 far we have seen that there is a rather close agreement. box 
twoen the remulte obtained wth the Jaeger nethod and the Cooper and 
Jacob sentlog plot, but that there de a marked discrepancy with the 
Type-Curves method, 
We proceeded then to determine the aquifer constants with the 
sane three methods but-with draiow data fron the satellite wells 
Figure 25 shows the natural time-drawiown graph from observations 
fn the satelite well, Ae stated before, the water level An thls yell 
stabilized after 85 minutes of pumping with a maximum drawlow of 3.07 
fect, ‘Taree misites vas the maliest tine interval which could be read 
fron the churt of the water-level reconler installed in this well) how 
ever, with the natural tine-drawow graph ve can interpolate readings 
for shorter tine intervals, 
starting with 
cne-balf xinute tine intervals, and are show on Table XIII. This table 


Computations ith the Jaeger method have been mad 


‘Pigs MheaThabeeCooper Graph, City of Fort Pierce, Well 20h, trawioens An Pusping Well 
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‘TABLE XIII 


GUTY OF FORT FIERCE, FLORIDA 
PUMPING TEST OF TEST WELL 10 

JAEGER METHOD COMPUTATIONS FOR ULFFERENT TOME INTERVALS 
‘DRAWDOW DATA IN SATELLITE TEST WELL 10 


7 
min tect 4, 2 We) gpa/se s 


R210 0,858 117,000 1,4 x 10°? 
35x10 0.79% 51,000 143 x 10°F 
Bel x20> 0,881 374700 143 x 1079 
30x10 0,996 29,200 143 x 1079 
25x10 10m 28,600 1.3 2 10°F 
8.6x107? 1.96 48,800 94h x 10“ 
L321? 1.59 36,800 1.2 10°F 
M7 xw? 2,06 45,200 1,0 x 103 
700x107 2,25 700140 x 10°F 
56x10? 2436 7,100 948 x 10% 
49x10? 2,49 48,000 9.6 x 107 
43x10? 2.6 48,800 9.4 x 107# 
Rx 10? 2.76 50,600 9.0 x 10% 
2.8 x10? 3.03 5,600 8.0 x 10 
25x10? 3.1b 554500 2.7 x 10 
23x10 3,22 56,000 7.7 x 10-* 
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18x10? 5,46 59,300 67 x 107% 


= 103- 


a are t 
ain % fest 4% 2 Wu) afte 8 


623 15x10? 3,64 2,700 62 x 107# 
Lat taxi? 5.98 66000 5, x 10+ 
1620 9.21079 a2 68,500 447 x a0“# 
e157 365x107? 5,08 81,400 246 x 107% 
aazz 95x20" 638 100,500 11 x 10+ 
1.099 26x10 7,68 119,500 4.0 x 10°F 
16085 70h x10" 8493 137,000 45 x 1075 
1.073 22x37 10.19 155,000 547 x 10° 
2.064 5.620 ans2 aptigo00 1,8 x 1076 
1.060 2.7 x10°§ 12,28 186,000 1.0 x 1076 
1.059 203x106 tet 184,500 9.5 x 1077 
1059 24322076 rein 183,000 yh x 107? 
1.056 14310 12,98 191,000 6,5 x 1077 
1.052 5.02207 35,95 209,000 29 x 10°? 
1.087 1.2 x20"? assh5 226,000 744 x 1078 
1.0¥7 11x20? 15.45 225,000 7.8 x 1078 
so 40 x20" 26,46 0,000 3.2 x 10% 
26036 1.310 19.88 290,000 143 x 1079 
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10033 22x10! m.66 6,000 2,6 x 1072? 


= 104 - 


TABLE XITT ~ Contimed 


Q = 400 gm a= 8 inches P= 100 feet 
a MBES eu) @ WER yeu) ,900 ED 


$= Serer nerds: Sop sie? 
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Andicates that the values obtained for $ had Little change with tine for 
the first minutes of pumping; however, T started high, decreased, tried 
to stabilize between two to five minutes and then increased rather 
rapidly in the typical trend of recharge conditions, Table XIII also 
indicates that there were field conditions which did not permit the 
straight application of the non-equilitrium formila and therefore of 
this method's computations except for the 20:40-nimites time interval; 


Avare of the low reliability of the figures, we have chosen the arith 
netic mean of the results obtained from those two tine intervals 
(2,034.0 and 2.5:5.0 minutes) as the most probable values for T and Ss 
‘These are: T= 28,800 gpa/foot 
S = 0,0013 
The semilog plot with the drawiown data fron this well, show 
on Figure 26, also indicates recharge effects, ‘The best adapted 
straight line we could get fron this graph gives the following results: 
T= 45,000 gpd/foot 
8 = 0,0009 
‘The best method to apply under these conditions would be Cooper's 
Figure 27 shows the corresponding Theis-Cooper graph with 
32,300 gpd/foot 
3 = 0,0014 
PI = 26 gpd/eaett. 
We will proceed now with the following reasoning: 


1, Bauilibriun conditions were reached in toth the pumping and 
the satellite well; equilibrium conditions which the geology of the area 
Andicated should have been caused by leakage from the overlying 


Craps Cy of Fort Pres, Welk Oh, Denwione in Satelite Hold 


2heSonton 


Ye me i ret 
Figs 27scThdentooper Graph, Gey af Fort Peron, Well Ok, Drnwloms in Satelite Well 
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Jowpermeable sand beds, Therefore, Jacob's equation (20) described in 
Chapter VIT should be valid, This equation is 


8, = TER Rol) (20) 

2. Tn both wells we know 5, (naximmn drowiown under equilibrinn 
conditions). 

Je Tho Jaoger method clearly indicated that after purping began, 
there wore periods in which the dranown dats deviated fron the theory, 
and then the remilte obtained for T and $ ware not valid. But it also 
Andloated that there were other periods, sonetines very short, in which 
‘there was an agrement between the theory and the hytraulic behavior of 
‘the aquifer, The results obtained for T and S during those last periods, 
should Adentity then, the tranantesibility and the storage coefficient 
of the amuifer, characteristics of the aquifer which are essentially 
constants,” 

4, Therefore, the valuss obtained for T and § with the Jaeger 
and the Cooper and Jacob methods should represent the real value of the 
aquifer constants, if the right observations have been selected by the 
Anvestigator. 

We tmow then, 9, and 7, and because with pumping we reached 
equilibrium conditions, we can calolate - vertical permeability Pt 


with the expressions: 


Ame storage cosffieient may vary if, because of changes in the 
plesonetric head, an aquifer under artesian conditions changes to water= 
table conditions or vice versa, 


8g Fig Bt) (20) 


= VE 
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and with the aid of a table of values of K(x), the modified Bessel 
finction of the second kind of sero order, for values of x, The value 
for nt An this test was determined as 50 feet in accordance vith the 
data on Figure 20. 

Table XIV gives a sumary of the values obtained for , 5, and 
PI using the procedures described, An analysis of this table indicates 
that although there to quite 2 discrepancy between the results, those 
obtained wth the Jaeger method show a better agreouent between the 
‘values obtained fron the satelite weil and fron the pumping well. 
It de important to point out fron Table XIV that, although the 


‘Thele-Cooper method is the best adapted to these test conditions, it did 
not give satisfactory remilts when applied with drawlow data from the 
Pumping well. 

Table XIV aleo shows a difference between the round figures of 
30,000 gpd/foot for T and 0.0013 for S$ obtained with drawiom date fron 
‘the satellite well, end those of approximately 21,000 gpd/foot and 
0,003 for $ obtained with draviow data fron the pumping well, In all. 
our computations with drawiom data from the pumping well, we have sub 
stituted 4n every expression the paraneter r, with the actual radius of 
of head through the 
screen. These two factors may explain the difference. 


1@ well, and also we have neglected any 10: 


Wore Light could have been throm on the atove difference with 
an additional mltiple-step dramiown test as outlined by Jacob (1947, 
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‘TABLE XV 
GUTY OF FORT PIERCE, FLORIDA 
PUXPING TEST OF TEST WELL 1OA 


SUARY OF RESULTS OBTAINED FOR AQUIFER CONSTANTS 
‘WITH DEFFERENT METHODS USING DEAWDOMN DATA 


Trane. Storage ‘Vertical. 
Well for ntesibility Coefficient Permeability 
Watertevel 7. 3 a 
Method Observations gpd/foot - epd/ setts 
Sanger Puxping 20,900 0.0032 B 
Cooper & Jaccb — Paunping Zio 040025 20 
Theks-Cooper — Purping $4300. 0,06 
Jacger Setelite 28,800 0,003 x 
Cooper & Jaccb Satellite 45,0000 0009, 3 
Theio-Cooper Satelite «323000, 0014 26 


Bs 107) with the additional considerations by Rorabaugh (1953, 23 pps). 
Fowever, wo should not forget that the values obtained for the aquifer 
constants cannot be taken strictly as accurate rathenatieal mubers, 
‘but rather, as coefficients which give an idea of the aquifer and whitch 
nay also be used to estinate future conditions’ within reasonable Linits, 
To give a better explanation of the previous statement, we have 
caloulated maximn drawows vith the resilte obtained fron tim of the 
stove nethods, which An our opinion seen to be nore reliable: the Theis 
Cooper method vith dremown data fren the satellite well and the Jaeger 
ethod vith drawdown data fron the purping ell. Drauiows have been 


-m- 
calculated for the pumping well and for points in the aquifer located 
respectively fron the pumping well at: 100 fest (satellite well), 500 
feet and 1000 feet, Table XV gives the calculated drawiows and also 
‘the actual maximun drawiows as mossured in the pumping and satellite 
wells. 

Table XV indicates that in this partieular aquifer, the maxim 
drawioms caloulated ith aquifer constants properly determined fron 
either the pumping or the setellite well are practically identical for 
points in the aquifer 500 feet or more fron the pumping well. At 100 
fect the maxim draviow ealevlated with data fron the pumping well 
4s 1,1 foot greater than the value directly measured; that 1s, the com 


puted value is on the safe side, Between the pumping well end 100 fest 
avay fron At, the coleulated values with data from the pumping well are 
either correct (at the pumping well) or on the safe side, However, the 
computed values with data from the satellite well are either correct 


(et the satellite well) or smaller than the actual values, the naximn 


aigterence of 9.9 feet being at the pumping well (3 per cent of the 
measured value). 
Most often we are interested in forecasting the drawioms at the 


pumping well and the interference with another pumping well, usually 
Therefore, we 


situated at Least 300 fect or more from the first one 
may realise that the values of the aquifer constants determined uith 
data from the pumping well seem to give better forecasts then those 
‘values obtained fron an observation wells 


ais 


TABLE XV 


COTY OF FORT PIERCE, FLORIDA 
PUMPING TEST OF TEST WELL 10A 
COMPARISON OF MEASURED AND CALCULATED MAXIMOM DRAWDOWNS 
‘AY PUMPING WELL AND VICINITIES USING AQUIFER CONSTANTS 
DETERGNED FROM THE PUMPING AND SATELLITE WELL 


Dr: an 
Pumping iis 
Determination (1) Well 100 ft, 500 ft. 1000 FE 
Geleulated with T and $ from 
Thele-Gooper, Satellite Well 1943 32 0405 
Jaeger, Pumping Well 29.6 e032 0402 
Direct Measurenent. 2942 3d - J 


(2) Flow rate from pumping well at 400 gon 


XE, PUMPING TEST AT LEESBURG, FLORIDA 


‘Tho City of Leesburg, Lake County, in the central part of the 
Peninsula of Florida, uses ground vater for its public water supply. 
Ground water 4s secured in Leesburg with deep, open-hole wells, which 
penetrate into the Floridan aquifer. 

‘The top of the Floridan aquifer is formed in this area by porous 
and cavernous linestones of the Ocala formation, Upper Eocene ages 
Below the Ocala limestones, wells penetrate in this area oodys Branch 
and the Avon Pari formations, both formed by Minestones of einilar 
hydrologic and lithologic properties to the Ooala limestones. Over= 
lying the Floridan aquifer and confining its water under artesian 
Preamure are strata of sand with sone streaks of clay, of relatively 
low permeability, These strata vary from Pleistocene on the surface to 
Wocene just above the Ocala lirestones (Jordan, 1952). Ground water 
from the Floridan aquifer in this area is noderately hard and contains 
total dissolved solide of approximately 180 ppm (Black and Brow, 1951, 
Pe 70). 

At the writing of this paper, three wells 16 inches in dlaneter 
are being drilled on the north shore of Lake Harris, within Leesturg 
city limits. They are located in an castwest straight Line, approxi~ 
mately one thousand feet apart, the well in the middle being just by 


‘the Leesturg Community Center. Of these wells, number 12 4s the eastern 
rost and the firet one which has beon finished and pump-tested. 


2a 


me 


Well 12 49 365 feet in total depth and was caved down to 185 
feet, the botton part being open hole, The top of the Floridan aquifer 
speared at 161 fect, the overlying beds being sand strata with some 
streaks of clay of relatively low permeatility. 

There was no well in the vicinities of well 12 which could be 
‘used as an observation or satellite well; therefore, only drasiom 
observations were made on the pumping well, The drilling of the other 
‘two wells had not been started when well 12 vas tested. 

Two drawciow tests were performed in this well, one before it 
was completely developed and the vater fron the well still turbid with 
silt and sand, and another test after the well was completely developed. 

‘Well 12 was pumped before the first test. for 31 1/2 consecutive 
hours, and the pumping rate vas steadily increased fron 600 gpm to 
1600 g@m. This was done in order to clem the well from sand, vell 
cuttings and mud. At the end of this period the water was not completely 
lear and still had sone sand; however, it was decided to conduct « 
drawiow test after enough tine was allowed for the complete recovery 
of the water level. 

Yor the first drawiom test, well 12 was pumped at the constant 
rate of 1220 gm and drawlows observations were made dn it with the 
nitrogen-bubbler systen. A view of the installation ie show on 
Figure 22, 

‘The water Level in pumping well 12 stabilised after 160 minute 
of pumping with a maxim drawiow of 38.2 feet. The increase An draw 
dorm fron the observation at 50 mimites of pumping to the maximn draw 
dow was only 0.7 feet. Water level observations in the pumping well 


Fig. 28,-Pumping Test of Well 12, City of Leesburg 
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were nade at the beginning of the test every five seconds, ‘The natural 
tine-drawiown graph of this first test, together with that of the 
second test, 4s show on Figure 29. 

Jaeger nothod computations for tine~intervals starting at every 
30 seconds are included in Table XVI. An analysis of this table indi— 
cated that the results obtained for the first tine intervals up to 
2:2leedmites do not resenble the artesian conditions present in the 
aquifer, Between the 12:24 and the 19:38-nimite tine intervals values 
obtained for both T and S vary between reasonable ranges, and fron then 
on, § starts decreasing and T increasing in the typical recharge 
fashion, These variations can be observed better in Figure 30, vidch 
shows a plot of the values obtained for T and S for the different tine 
Antervale. 

We have selected, therefore, those values corresponding to the 
sets of observations between the 12:2h and 19:38-nimites for the 
determination of the aquifer constants. The arithmetic mean of these 
values gives the following results: 

T= 53,100 gpa/foot 
5 = 0.00054 

Figure Jl shows the semtlog tine-drawiom graph wth the dram 
dow observations of this test. The Cooper and Jacob method with 
Lohnan's modification gives for this pumping test the following results: 

1 = 50,300 gpd/toot. 
$= 0,0012 
‘The best fit we could get between the TheLs-Cooper plot and the 


Cooper's Type Curves resulted in values of 7, § and P? way out of line: 
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Fig, 9ecfatural Tine-Drewiom Groph Chty of Lenabore, Welt 12, Orawions tn Pumping Wold 


TABLE XV 


CITY OF LEESBURG, FLORIDA 
PUMPING TEST OF WELL 12 
‘SAEGER METHOD COMPUTATIONS FOR ULFFERENT TIME INTERVALS 
‘DRAWDOWN DATA FROM PUMPING WELL. 
‘TES? PERFOR(ED BEFORE CCMPLETE DEVELORIENT 


UR ne A 
an Host ou Woo) gpa/foot 8 
Fon e 
ihe ‘143 8.0 x 10™ 2603 16,300 142 x 10° 
yu 


26.2 14505 1eax1o> 17h 9,300 47 x 10° 

3e6 17,900 67 x 107? 
6.35 30,200 948 x 107? 
7676 35,800 3.5 x 10°? 


8x10 36,300 3.1. x 107? 


7450 324200 
6.95 28,900 
76% 32,200 
B45 iy HOO 


9655 38,100 


3504 1.067 9.0 x10" 1,04 43,600 


33.7 ne 
Bq won agzie’ ink 48,600 
33 1.056 142x107 15.06 50,900 
Eat 1.053 6&3x10-7 13,70 53,200 


36.4 1,051 3,8 x 10-7 24,21 54,600 
36.7 1.059 6.31077 13.70 52,200 7.6 x 10-* 
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63x10? 13.70 51,900 81x10“ 
13.06 49,200 1,6 x 107 
28x10? aha 53,600 547 x 107* 
38 x2077 21 53,500 6.2 x 107 
16x10? 15,07 56,500 2.8 x 107 
Hoxr® 16.45 1,600 8,2 x 1075 
27 x1o® 1685 63,200 5.9 x 1075 
169 220° 27.20 64300 444 x 10°F 
Sot x 107 18.46 6,000 44 x 105 
1632107 19,88 74,400 3,8 x 1076 

nLx10 an s1100 7.0107 
50 x10"? 25,44 95,200 2.0 x 108 
50x10 25,04 95,000 241. x 1078 
ga xi 29.45 120,000 4,6 x 1072? 


Gl x 1075 32,21 120,000 3.7 2107 
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Q= 1220 qm d= 16 inches = 0,67 foot 
po WBE yg) = Wh6 21220 64) = 24,009 HUD 
seatt pra BE ag? 


167 x 187 x (0.67) x MO 1,2 


Fic» PeeValson Ootained for T and 8, GSty of Laeskurg, Well 12 Before Compote Weld Development 


Figs Se-Gmtlog Hro-irawiow Graph, GLiy of Lesabarg, Voll 12, Before Canplete Mall Derelopeent 
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T= 94300 gpd 

5 = 05015 

PY = 335,000 gpd/sa.ftet 
‘Therefore, these results have been discarded. 

‘The second drawiomn test vas performed in this well after the 
well was completely developed and the water practically free of sand 
anf turbidity, Pumping was maintained at the constant rate of 1250 gpm 
and again the water Level stabLlized after approximately 160 minutes of 
pumping. However, this tine the naxtmn drawiow was only 3343 fects 
Anstesd of the 38.2 feet we had vile pumping at 1220 gon in the first 
test. 

Figure 2) shows the natural tinesdrawiow graph with dravoms 
from toth the first and the second test, for the first 60 minutes of 
pumping. The difference in drawlows for all corresponding tine inter 
vale Ae evident. 

Jaeger method computations for the first 50 mimites of pumping, 
poginning with helfuminute tine intervals are included in Toble XVIT; 
and the values obtained for 7 and § in those computations are shown on 
Figure 32. 

With the same reasoning used on the previous tests, we deter 
mined with the Jaoger method the following results for the aquifer 
constants: 

1 = 81,500 end/foot, 
$= 0.000014" 


‘The sexilog plot of the Cooper and Jacob method vith the draw 


dom data of this second test ie show on Figure 33. With this method 


Py 
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TABLE XVII 


CUTY OF LEESHURG, FLORIDA 


PUMPING TEST OF WELL 12 
JAEGER METHOD COMPUTATIONS FOR OLFFERENT TIME INTERVALS 
DRAWDOWN DATA FRO PUMPING WELL 

‘TEST PERFOR(ED AFTER COMPLETE DSVELOP(ENT 


& tect 5, a WG)! ealtock 
Sexi? 2,45 15,900 67 x 107% 
32 x1073 5,17 29,000 145 x 107) 
6.3x105 9,10 48,700 766 x 1073 
9.2x10°F 872 45,000 14h x 10? 
26x10 7,68 38,200 4,2 x 10°? 
Mel x 10°F 9452 47,300 946 x 1079 
22x15 10,15 49,600 644 x 1079 
Ll x 1075 10,84 52,300 3.8 x 1079 
55x20 11453 55,200 2.5 109 
5.8 x10 16.09 76,400 347 x 10°F 
azxo-® i245 $8,700 142 x10°F 
az x10 12445 $8,600 143 x 1079 
$.0 x10? 13.93 64900 35 x 20% 
0x20 az 2,400 72 x 107+ 
5.0 10°? 15,95 64,00 4,0 x 10 
zrxro® 16.85 77,900 247 x05 
27x10 16,85 77,700 249 x 10°F 
8.3 x10°7 28,03 82,900 140 x 10°F 
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‘TABLE XVIT~ Continued 


ele 


t 
2 W(x) gpdftoot 8 


1.040 8,9 x10"? 18,03 82,600 141 x 10° 


1040 8.3. x1079 18.03 82,400 142 x 1079 


1.0H0 843x109 18,03 82,100 1.2 x 1075 


aoue 12x20 17.66 79,900 147 x 10°F 


1.03 5.6 x10°9 18446 89,500 8,6 x 10° 
1.09 Sh x 10°? 18.46 83,200 8.9 x 10 


1.03 Ssh x07 BMG 62,900 949 x 10 
16096 165 x 10°F 19,88 89,400 245 x 10" 
1.036 3x10? 19.88 89,400 246 x 10 


BSEVESESESESESPSBSPS 


1036 143x209 19.88 89,000 247 x 106 


oe 79 we 
Jaig 1.036 163x107 19.88 89,000 2.8 x 10 
3 “9 6 
3250 1,036 13x10 19,88 88,800 249 x 20 
Zp. 

28 10036 ap x10? 19.88 88,800 3.0 x 20°F 
30.9 

Br] om sx 107? 18M 82,200 1.2 x 10F 
3.9 


Zl om shx 10? sus 82,00 2x 10> 
@8,500 342 x 10°6 


5er2 10035 746 x 1077 0,600 240 x 1076 
aa 
32 10095 7.6 x 1077? 90,600 240 x 2076 
a2 
382 og . ua x10? 2235 99,200 3.32107 
a2 


DEN PRESEN P NESE SP SERENE NES ERED HOH OM AHHH 


BE ao raxiel 2.35 99,200 344 x 10-7 


tt oat es s T 

min 30 feet 5, v W(x) gpd/foot s 
1 wg 12 A 
2 52:2 1.028 5.0 x10 2544 123,000 1.8 x 10% 
A ee -10 ? 
2 32:3 1.032 aaa. x 102? 2235 98,900 3.6 x 10 
2 se 10 7 
2 324 1.032 1.2 x 10™ 22.35 98,600 3.8 x 10°! 
1 346 . ie 
2 3205 1.028 500 x 10™ 2544 112,000 2.0 x 10 
1 D6 
2 3285 1.028 5.0 x 1022 25,4 112,000 21 x 1078 
i Eads 12 J 
2 32.6 1.008 5,0 x1024 25,44 122,000 2,2 x 10% 
v D8 22 3 
2 3207 1.028 5.0 x 107 25e4% 112,000 2.3 x 10 

Q = 1250 gm d= 16 inches r= 0.67 foot 

go WeS9, att __s a ttl a9 


87 287 x (0067)* x HO TZ 
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Pig. Seeatues Gitatned for Tan 8, City of Leesburg, Well 32, Aftar Comets Welt Devlopeent 
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Figs JosSecog Tine-Drawicwm Graph, Clty of Leesburg, Well 12, After Goeplete Deelopeent 
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we obtained for the transmissibility and the storage coefficient, the 
folowing remlts 

T= 84,500 god/foot 

8 = 04000007 

Equilibrium conditions were reached in both tests at approxie 
nately 160 minutes after purping began. Therefore, with the maximum 
arawioms for each test, xith Jasob!s equation (20) and sith the sane 
procedure we used in Chapter X we have determined P! for the values 
obtained with each method in each test, All these values are sume 
ised 4n Table 3VIII. 

‘kn analysis of Table HVIIT clearly shows the inportance of 
having the well completely developed before trying to determine aquifer 
constants with these methods, Tt also indicates a good agrennent 
between the remults obtained with the Jaeger method and the sexilog 
plot of Cooper and Jacob with Lehman's modification, 


=e 


‘TABLE XVIII 


CTY OF LEESBURG, FLOREDA 

‘PUMPING TEST OF WELL 12 

‘SUMMARY OF RESULTS OBTAINED FOR AQUIFER CONSTANTS USING 
DRAMDOWN DATA FROM THE POMPING WELL 


‘Trans Storage Vertical 
Missitaanty Coattiiant Permeability 
Pt 

Renarks Method > alee - epd/anette 
Test Before jaeger 53,100 0.00054 IRE 
Complete Well tacpeene dansk 50,300 0,0012 38.2 

Developnent, 

Test After Jaeger 81,500 000001! 0424 
Complete Well Cooper & Jacob 81,500 0.000007 0013 


Developsent 


XT. SUMMARY AND coNcLUSTaNS 


Three methods of determining aquifer constants wth drawiow 
data from satellite wells have been used in the determination of the 
same aquifer constants with drawiow data fron the pumping wells. The 
‘three methods are the Jaeger method; the Cooper and Jacob nethod with 
Lohman's modification; end the Theis method, with Cooper's Type Curves 
modification whenever necessary or possible, 

Drawsiom date from four pumping tests have been used in this 
evaluation, Experience from the application of those methods to data 
from the first two pumping tests indicated the necessity of making fast 
and accurate observations in the pumping well imediately after pumping 
As started. A nitrogen-tubbler systen was developed for such a purpos 


‘The actual radius of the well has been used to substitute for r, 
the distance from the center of the well to the point of observation, 
4m each and all mathematical expressions employed with the different 
methods and vith drawiown data from the pumping well. 

The results obteined from the different tests with the various 
methods employed are sumarized in Table XIX. 

Equilibrium conditions were! reached in the last tests because 
of leaky-aquifer effects. With the values of the maximun stabilized 
drawiomns and Jacob's steady-state equation (equation 20 of Chapter VII) 
‘ve have calculated the values of the vertical permeability P! for the 
values of T and $ calculated with the different methods. These results 
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for the vertical permeability P! are sumarised in Table XI together 
with those obtained fron the Type Curves (Thels-Cooper method). 

Tt has been pointed out that aquifer constants cannot be 
regarded as exact nathenatiosl figures, but rather, as coefficients 


‘which express the vater-bearing characteristics of an aquifer and also 


which may permit us te egtinate the dravioms produced by well pumping 


4n the pumping well itself and in its viciniti 
With the above considerations in mind and the results obtained 


ye are led to the following coneluetons: 

1. For the determination of aquifer constants using water-level 
observations fn the pumping well St 4e necessary to make accurate and 
numerous observations, at least every 30 seconds, immediately after 
puping 4s started, 

2, The results obtetned for aquifer constants with drewiowm data 
fron the pumping welle, wlth the Jaeger and the Cooper and Jacob methods, 
seen to agree, within reasonable Lintts, with those obtained from water 


‘evel observations in satellite wll: 


3. The statenent in paragraph 2 above, 4s especially true in 
openchole wells, vhere in the opinion of this witer, drawlowm data from 
‘the pumping well identify more accurately aquifer conditions and give @ 
better picture of any field deviztion fron the theoretical esmxptions. 
4, In the Anstance of the screened well, results for aquifer 
constants determined with drawiown data fron the punping well gave 
slightly maller values for T and slightly or 
those determined fron the satellite wll, However, the results with 
data from the pumping well defined nore accurately the draviown 


‘er values for S than 


: = 1h 


‘TABLE Xt 
SOMME OF REILTS POR THR YETTCAL ERGAETLTY pt 
‘UNDER LEAKY-AQUIFER and STEADI-STATE COMET 
2a Well for Method of % 
Teat amet ete ajdt, 
Fort Pierce Punping Tae Py 
Welt 7 ok cooper Jacob 20 
‘Theis & Cooper 0.06 
Satelite Saoger 


» 
Cooper & Jacob 5 
: Theis & Cooper & 


Loostun Sager 6 
well ie Oo” coopers Jac 2 
di 0424 

PGi eines sett 


Motes: (1) Pumping test performed before complete well development. 
(2) Pusping test performed after complete well development, 
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conditions in the purping well itself and were on the safe side for 
drawiown forecasts in the vicinities of that well. 

5s It is extrenely important to conduct the drawiow test in a 
Puxping well only after it has been completely developed. 

6, The witer has not been successful with recovery data from 
‘the pumping wll. These data seen to be affected by the backflow 
towards the well of all the water in the puzp and in the pump colum. 

This work and the previous conclusions must not lead us to the 
belief that observations in satellite wells will be no longer necessary 
sonetine in a near future, Much more research 1s needed in this field, 
‘using data from the pumping well and fron as many satellite wells as 
possitie. In the interim, however, the methods used in this work may 
offer a tool for determining aquifer constants where no observation 
‘unfortunately, that the ground 
water engineer finds nost often in the field. 

Future research should include considerations using miltiple 


wells are available, This is the ca 


stop drawiom tests as developed by Jacob with modifications ty 
Rorabaugh. é 

Finally 4t is significant to point out that computations with 
‘the Jaeger method are nost adaptable to be used with digital computers, 
which will factlitate considerably the desk work involved, The Janger 


sthod sees to be the most valuable tool in these evaluations, 
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